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This review compiles results of experimental and theoretical studies on thin films and quan-
tum structures of semiconductors with randomly distributed Mn ions, which exhibit spintronic
functionalities associated with collective ferromagnetic spin ordering. Properties of p-type Mn-
containing III-V as well as II-VI, IV-VI, V2-VI3, I-II-V, and elemental group IV semiconductors
are described paying particular attention to the most thoroughly investigated system (Ga,Mn)As
that supports the hole-mediated ferromagnetic order up to 190 K for the net concentration of Mn
spins below 10%. Multilayer structures showing efficient spin injection and spin-related magne-
totransport properties as well as enabling magnetization manipulation by strain, light, electric
fields, and spin currents are presented together with their impact on metal spintronics. The
challenging interplay between magnetic and electronic properties in topologically trivial and non-
trivial systems is described, emphasizing the entangled roles of disorder and correlation at the
carrier localization boundary. Finally, the case of dilute magnetic insulators is considered, such
as (Ga,Mn)N, where low temperature spin ordering is driven by short-ranged superexchange that
is ferromagnetic for certain charge states of magnetic impurities.
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I. INTRODUCTION
It has been appreciated for a long time that materi-
als systems combining the tunability of semiconductors
with the spin contrast specific to ferromagnets offer a
rich spectrum of outstanding properties which are attrac-
tive per se as well as open prospects for an entirely new
set of functionalities. From the materials physics per-
spective there appear three main roads bridging semi-
conductors and ferromagnets. The first of them is to
use hybrid structures consisting of ferromagnetic met-
als and semiconductors or oxide semiconductors (Zˇutic´
et al., 2004). Here, as an example of commercially rel-
evant development, one can quote the trilayer structure
FeCoB/MgO/FeCoB. In this magnetic tunnel junction,
owing to specific symmetry mismatch of wave functions
at high quality interfaces, the tunneling resistance in-
creases more than sevenfold at room temperature when
magnetization of two ferromagnetic layers becomes an-
tiparallel (Ikeda et al., 2008). The second possible strat-
egy is to turn ferrimagnetic oxides, such as (Zn,Ni)Fe2O4
showing spontaneous magnetization up 800 K, into good
semiconductors by mastering carrier doping and interfac-
ing of these compounds with main stream semiconductors
and metals. The third road is to develop semiconductors
supporting spontaneous spin polarization, preferably, up
to above the room temperature.
This review focuses on epitaxially grown Mn-
containing III-V but also II-VI, IV-VI, V2-VI3, I-II-V,
and elemental group IV semiconductors, in which ran-
domly distributed spins of Mn ions show collective ferro-
magnetic ordering. While the list of the dilute ferromag-
netic semiconductors studied so-far is long, certainly the
most extensively investigated compound is (Ga,Mn)As
(Ohno et al., 1996) and, accordingly, a large part of this
review is devoted to this system. It has been demon-
strated over the last decade or so that owing to pre-
viously unavailable combination of quantum structures
and ferromagnetism in semiconductors, the engineered
structures of these systems show a variety of new phys-
ical phenomena and functionalities. In fact, a series of
accomplishments in this field accounts, to a large extent,
for spreading of spintronic research over virtually all ma-
terials families.
At the same time, however, over the course of several
years the studies of semiconductors showing ferromag-
netic features have emerged as one of the most contro-
versial fields of today’s condensed matter physics and ma-
terials science. It becomes increasingly clear that there
are four principal reasons for this state of the matter:
• Challenging the natural assumption [fulfilled in,
e. g., Mn-based II-VI dilute magnetic semiconduc-
tors (DMSs)] that the transition metal (TM) impu-
rities substitute randomly distributed cation sites,
it appears that depending on epitaxy conditions,
co-doping with shallow dopants, and post-growth
processing, the magnetic ions can assume intersti-
tial positions and/or aggregate, also with other de-
fect centers, which affects crucially magnetic prop-
erties.
• A number of growth and processing methods ex-
poses the studied samples to contamination by
magnetic nanoparticles and whenever they reside
(in the film or substrate volume, at the surface or
interface) can determine the magnetic response of
the system, particularly in the thin film form.
• These materials, including (Ga,Mn)As, show simul-
taneously intricate properties of mismatch semi-
conductors alloys [such as Ga(As,N)] and of doped
semiconductors on the localization verge (such as
GaAs:Si). The controversies here echo much dis-
pute, and by some regarded as still unsettled ques-
tions, of whether in the relevant range of concen-
trations the impurity levels (derived from N or Si in
3the above two examples) are dissolved in the band
continuum or form resonant or band gap states, re-
spectively.
• Considerable effort has been devoted to describe
DMSs from first principles (ab initio), employing
various implementations of the density-functional
theory (DFT), particularly involving the local spin-
density approximation (LSDA) and its variants.
It becomes increasingly clear that inaccuracies of
this approach, such as the placement of d levels
too high in energy and the underestimation of the
band gap, have twisted the field, for instance, by
indicating that the double exchange dominates in
(In,Mn)As and that ferromagnetism exists in in-
trinsic (Zn,Co)O.
As emphasized in this review, the present understand-
ing of the field and, in particular, the progress in resolv-
ing the above controversial issues as well as a successful
modeling of spintronic functionalities are built on two
experimental and two conceptual pillars:
• advanced nanoscale characterization allowing to
asses the location and distribution of magnetic ions,
dopants, defects, and carriers;
• comprehensive spectroscopic data providing infor-
mation on the position of levels introduced by TM
ions, their spin and charge states, as well as the
coupling to band and/or local states;
• careful consideration of host band structure, taking
into account thoroughly interband and spin-orbit
couplings, confinement effects, as well as the pres-
ence of surface and edge states in topologically non-
trivial cases;
• realization that the realm of quantum (Anderson-
Mott) localization underlines transport and opti-
cal phenomena in carrier-controlled ferromagnetic
DMSs.
According to the accumulated insight, most of magnet-
ically doped semiconductors and semiconductor oxides,
which exhibit ferromagnetic features can be grouped into
two main classes:
1. Uniform DMSs, in which ferromagnetic behav-
ior originates from randomly distributed TM
cations. In most cases [the flagship example being
(Ga,Mn)As] the spin-spin interactions are mediated
by a high density p of delocalized or weakly local-
ized holes. The confirmed magnitude of the Curie
temperature TC approaches 190 K in Ga1−xMnxAs
(Olejn´ık et al., 2008; Wang et al., 2008b) and
Ge1−xMnxTe (Fukuma et al., 2008; Hassan et al.,
2011) with saturation magnetization (in moderate
fields, µ0H . 5 T) corresponding to less than 10%
of Mn cations. In the absence of itinerant carriers
other coupling mechanisms, such as ferromagnetic
superexchange in (Ga,Mn)N (Bonanni et al., 2011;
Sawicki et al., 2012), can account for ferromagnetic
spin ordering. Since with no carriers the coupling is
short ranged, the TC values reach only about 13 K
at x ≈ 10% in Ga1−xMnxN (Stefanowicz et al.,
2013).
2. Heterogenous DMSs, specified by a highly non-
random distribution of magnetic elements. Here,
ferromagnetic-like properties persisting typically to
above room temperature are determined by nanore-
gions with high concentrations of magnetic cations,
brought about by chemical or crystallographic
phase separation (Bonanni and Dietl, 2010). To
this family belong also numerous materials systems,
in which ferromagnetic-like properties – persisting
up to high temperatures – appear related rather
to defects than to the presence of TM-rich regions
(Coey et al., 2008).
The studies of the compounds belonging to the first
class is undoubtedly the most mature. On the one
hand, significant advances in epitaxy and post-growth
processing allowed one to develop a class of ferromagnetic
semiconductors, primarily (Ga,Mn)As, showing textbook
thermodynamic and micromagnetic characteristics, de-
spite inherent alloy disorder and a relatively small con-
centration of the magnetic constituent. More impor-
tantly, the progress in controlling and understanding of
these materials has provided a basis for demonstrating
novel methods enabling magnetization manipulation and
switching as well as spin injection, sensing of the mag-
netic field, and controlling of the electric current by mag-
netization direction, the accomplishments having now
a considerable impact on the metal spintronics (Ohno,
2010). At the same time, over the course of the years,
ferromagnetic DMSs, particularly their magnetic phase
diagrams TC(x, p) and micromagnetic properties, have
become a test bench for various theoretical and compu-
tational methods of materials science.
In contrast, the control, understanding, and function-
alization of the second class of materials systems is in its
infancy. However, one may expect a number of develop-
ments in the years to come as the availability of materials
systems with modulated semiconductor and metallic fer-
romagnetic properties at the nano-scale, which persist up
to above the room temperature, opens new horizons for
basic and applied research.
Our aim here is to survey various properties of uni-
form Mn-based ferromagnetic DMSs, which we refer to
as dilute ferromagnetic semiconductors (DFSs). As seen
in the Table of Contents, the main body of the present
review consists of three major parts.
First we discuss epitaxial growth and nanocharacteri-
zation of DFSs (Sec. II). We put a particular emphasis
on the question of the position and spatial distribution
of magnetic ions, which is essential in understanding per-
tinent properties of any DMSs. We also touch upon the
issue of a non-uniform carrier distribution.
4In the second part (Secs. III-VI), we present var-
ious outstanding spintronic capabilities of DFSs and
their quantum structures with nonmagnetic semiconduc-
tors. In particular, we describe how hole-mediated fer-
romagnetism allows for magnetization manipulation and
switching not only by doping or co-doping but also by
strain, electric field, and light (Sec. III). Next the suit-
ability of these systems for spin injection to non-magnetic
semiconductors is discussed (Sec. IV). We also show that
in addition to properties specific to semiconductor quan-
tum structures, these materials exhibit functionalities
presently or previously discovered in magnetic multilay-
ers, including magnetization switching by an electric cur-
rent and various magnetotransport phenomena (Sec. V)
as well as inter-layer coupling, exchange bias, and ferro-
magnetic proximity effect (Sec. VI).
Finally, in the third part (Secs. VII-X), we present
results on quantitative theoretical studies of thermo-
dynamic, micromagnetic, and spintronic properties of
DFSs. We start this part by describing the present
understanding of the electronic structure of these sys-
tems and exchange coupling between localized spins and
itinerant carriers (Sec. VII). Equipped with this infor-
mation, we present theoretical models of superexchange
(Sec. VIII) and carrier-mediated ferromagnetism in DFSs
(Sec. IX). Exploiting detailed information on the band
structure effects, spin-orbit coupling, and p-d hybridiza-
tion provided by extensive spectroscopic studies on rel-
evant DMSs, these models allow for a computationally
efficient interpretation of experimental findings with no
adjustable parameters (Sec. X). Along with emphasizing
success of this experimentally constrained approach to
the understanding of basic properties and spintronic ca-
pabilities of DFSs, we indicate unsettled issues awaiting
further experimental and theoretical investigations.
We conclude our review by discussing possible future
directions in basic and applied studies of magnetically
doped semiconductors (Sec. XI).
In this review, we purposively refrain from de-
scribing a historical perspective, intermediate or dis-
proved/unconfirmed developments, and a variety of qual-
itative considerations that have been put forward but not
yet shaped into the form allowing for a quantitative veri-
fication vis-a`-vis experimental results with no adjustable
parameters. We refer readers interested in a survey of
various models proposed over the course of the years
to explain the nature of electronic states and ferromag-
netism in these systems to review articles on the theory of
DFSs from the perspective of model Hamiltonians (Jung-
wirth et al., 2006a) and ab initio approaches (Sato et al.,
2010; Zunger et al., 2010). A short paper presenting the
topic in a condensed and tutorial way as well as explain-
ing origins of various exchange mechanisms is also avail-
able (Bonanni and Dietl, 2010). Earlier book chapters
review thoroughly the pioneering works on II-VI (Dietl,
1994; Furdyna and Kossut, 1988) and III-V (Matsukura
et al., 2002) DMSs. Two other surveys present suc-
cesses and limitations of Drude-Boltzmann type models
in describing abundant experimental results on transport
(Jungwirth et al., 2008) and optical (Burch et al., 2008)
phenomena in (Ga,Mn)As and related systems. Accord-
ingly, we only briefly discuss these phenomena here, also
realizing that there are not yet theoretical frameworks
allowing for the quantitative description of absolute val-
ues of dc or ac conductivity tensor components in the
regime of quantum localization, even in the absence of
p-d coupling (Belitz and Kirkpatrick, 1994; Lee and Ra-
makrishnan, 1985).
II. GROWTH AND CHARACTERIZATION
A. Growth methods and diagrams
Some of DFSs can be grown by the thermal equilib-
rium Bridgman method, a primal example being IV-VI
alloys, particularly p-Pb1−x−ySnyMnxTe (Eggenkamp
et al., 1995; Story et al., 1986), in which cation vacancies
supplied a large concentration of holes mediating ferro-
magnetic coupling between Mn spins. The same growth
technique delivered ferromagnetic Zn1−xMnxTe:P (Ke¸pa
et al., 2003), in which P acceptors provided holes af-
ter appropriate annealing. Interestingly, the Bridgman
method was successfully used to obtain rhombohedral
Bi2−xMnxTe3, a ferromagnetic topological insulator, in
which Mn ions that introduced both spins and holes,
were found to be randomly distributed up to at least
x = 0.09 (Hor et al., 2010). At the same time, solid state
reaction was employed to synthesize polycrystalline p-
Ge1−xMnxTe (Cochrane et al., 1974) up to x = 0.5 and
p-Li(Zn1−xMnx)As up to x = 0.15 (Deng et al., 2011), in
which holes originated presumably from cation vacancies
and Li substituting Zn, respectively.
However, rapid progress in the search for ferromagnetic
DMSs stems, to a large extent, from the development
of methods enabling material synthesis far from thermal
equilibrium, primarily by molecular beam epitaxy (MBE)
(Ohno, 1998), but also by pulsed-laser deposition (PLD)
(Fukumura et al., 2005), metalorganic vapor phase epi-
taxy (MOVPE) (Bonanni, 2007), atomic layer deposition
(ALD) ( Lukasiewicz et al., 2012), sputtering (Fukumura
et al., 2005), ion implantation (Pearton et al., 2003), and
pulsed-laser melting of implanted layers (Scarpulla et al.,
2008; Zhou et al., 2012). These methods have a potential
to provide high-quality DMS films with a concentration
of the magnetic constituent beyond the solubility lim-
its at thermal equilibrium. Moreover, the use of these
methods offers unprecedented opportunity for consider-
ing physical phenomena and device concepts for previ-
ously unavailable combination of quantum structures and
ferromagnetism in semiconductors.
Figure 1 outlines the growth phase diagram of
(Ga,Mn)As (Matsukura et al., 2002; Ohno, 1998;
Van Esch et al., 1997), which appears to be generic to
a wide class of DMSs. Because of low solubility of TM
impurities, typically a fraction of a percent, and the asso-
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FIG. 1 (Color online) Schematic diagram of the tempera-
ture window for growth of dilute magnetic semiconductor
Ga1−xMnxAs by low temperature molecular beam epitaxy.
With the increase of the Mn content x the window shrinks
and the concentration of Mn interstitials MnI increases. The
magnitude of biaxial strain is determined by the substrate
lattice constant even beyond the critical thickness for the for-
mation of misfit dislocations. Adapted from Matsukura et al.,
2002.
ciated tendency of TM cations to aggregate, the growth
at high temperatures results in a nanocomposite system
consisting of a TM-rich compound in a form of nanocrys-
tals embedded in a TM-poor semiconductor matrix. This
crystallographic phase separation can deteriorate crystal
quality and surface morphology, as evidenced for the case
of (Ga,Mn)Sb (Abe et al., 2000). Furthermore, it was
shown that MnAs nanocrystals on the surface of GaAs
serve as seeds nucleating growth of GaAs nanowires (Sad-
owski et al., 2007).
The lowering of the substrate temperature to the
200–300oC range (Boeck et al., 1996; Munekata et al.,
1989; Ohno et al., 1992, 1996; Van Esch et al., 1997)
makes it possible to surpass the thermal equilibrium sol-
ubility limit and, at the same time, to maintain the
two-dimensional coherent growth, as witnessed by the
smoothness of the surface and the persistence of electron
diffraction stripes over the entire process of the film de-
position. The use of a cracker effusion cell for the anion
source (Campion et al., 2003) as well as a careful adjust-
ment of the ratio between cation and anion fluxes (Myers
et al., 2006) allows one to minimize the concentration of
points defects, such as As-antisite donors, which tend to
form during low temperature MBE.
Importantly, owing to low deposition temperatures,
strain associated with lattice mismatch to the substrate
remains unrelaxed even for film thicknesses exceeding
critical values for the formation of misfit dislocations un-
der thermal equilibrium conditions. A uniformly strained
(Ga,Mn)As film with the thickness of 6.8µm was obtained
employing (001) GaAs substrate for which lattice mis-
match was ∆a/a ≈ 0.4% (Welp et al., 2004). The use of
substrates with various lattice parameters and crystallo-
graphic orientations allows one to fabricate DFS films
with tailored magnetic anisotropy characteristics (see,
Sec. III.B).
Additionally, the low-temperature (LT) epitaxy pro-
cess makes it possible to increase substantially the elec-
trical activity of shallow impurities. For instance, by
assisting MBE growth with nitrogen plasma, it was
possible to introduce a sizable concentration of holes
indispensable to mediate ferromagnetic coupling be-
tween Mn spins in (Zn,Mn)Te (Ferrand et al., 2000,
2001) and (Be,Mn)Te (Hansen et al., 2001; Sawicki
et al., 2002). Another relevant approach is to employ
the concept of modulation doping, successfully applied
in (Cd,Mn)Te/(Cd,Mg,Zn)Te:N (Boukari et al., 2002;
Haury et al., 1997), and also examined in the case of
(Ga,Mn)As/(Al,Ga)As:Be (Wojtowicz et al., 2003a).
In addition to III-V and II-VI DFSs, the MBE method
has been employed for deposition of (Ge,Mn) (Park et al.,
2002) and (Ge,Mn)Te (Fukuma et al., 2008; Hassan et al.,
2011; Knoff et al., 2009; Lim et al., 2011).
B. Importance of nanocharacterization
As already mentioned in Introduction, the rich materi-
als physics of ferromagnetic DMSs stems to a large extent
from non-anticipated forms of distributions and lattice
positions assumed by magnetic ions, defects, and carriers
in these systems as well as form their sensitivity to con-
tamination by ferromagnetic nanoparticles (Grace et al.,
2009). Importantly, rather than being specific to a given
DMS, these striking properties depend sensitively on the
employed substrate, growth conditions, co-doping, and
post-growth processing. Four issues, relevant to DFSs,
can be called into attention here.
1. Attractive interactions between magnetic impuri-
ties and their limited solubility can result in the
highly non-random distribution of TM atoms over
cation sites (chemical phase separation) or in TM
precipitation in the form of compounds or ele-
mental inclusions (crystallographic phase separa-
tion). Typically, the TM-rich nanocrystals formed
in these ways dominate the magnetic response of
the system. They are either randomly distributed
over the film volume or tend to accumulate near the
surface or interface. Atom diffusion on the growth
surface is typically faster than in the bulk, which
facilitates aggregation of magnetic cations to the
form of TM-rich nanocrystals during the epitaxy.
2. Even if nanocrystals are not assembled, the attrac-
tive force between TM cations can enhance the con-
centration of nearest neighbor cation-substitutional
TM dimers. Moreover, since on the surface (com-
paring to bulk) certain crystal directions are not
equivalent, the dimers–if stable during the entire
6growth process–can assume a directional distribu-
tion that lowers alloy symmetry and, hence, modify
magnetic anisotropy.
3. The upper limit of achievable carrier density in a
given host is usually determined by the mechanism
of self-compensation. In the case of hole doping
the effect consists of the appearance of compensat-
ing donor-like point defects once the Fermi level
reaches an appropriately low energy in the valence
band. These defects not only remove carriers from
the Fermi level but can form with TM ions defect
complexes characterized by non-standard magnetic
properties. In fact, TM ions can form complexes
also with other defects or impurities.
4. Even for a perfectly random distribution of mag-
netic ions and carrier dopants, due to the relevance
of quantum localization effects, there appear sig-
nificant nano-scale spatial fluctuations in the hole
density. Because of the relationship between car-
riers and magnetism, the value of magnetization
ceases to be spatially uniform. Another source of
inhomogeneity are space charge layers often form-
ing at the surface or interface.
These outstanding properties of DMSs can be ad-
dressed by ever improving nanocharacterization tools in-
volving synchrotron, electron microscopy, ion beam, and
scanning probe methods. Some of experimental tech-
niques relevant to DMSs have recently been reviewed
(Bonanni, 2011). This collection contains also useful in-
formation about the methodology of magnetic measure-
ments on thin DMS films.
Next the above issues are described in some details
paying particular attention to the data obtained for
(Ga,Mn)As. Enlisted are also methods allowing to de-
termine the concentration of holes and Mn ions if their
distribution is, at least approximately, random.
C. Solubility limits and Mn distribution
It is well known that the phase diagrams of a number of
alloys exhibit a solubility gap in a certain concentration
range. Particularly low is the solubility of TM impuri-
ties in semiconductors, so that low-temperature epitaxy
or ion implantation have to be employed to introduce a
sizable amount of the magnetic constituent. An excep-
tion here is a large solubility of Mn in II-VI compounds,
where Mn atoms remain distributed randomly over the
substitutional cation sites up to concentrations often ex-
ceeding 50% (Furdyna and Kossut, 1988; Paja¸czkowska,
1978), even if the alloy is grown close to thermal equilib-
rium, as in the case of, e.g., the Bridgman method.
The large solubility of Mn in II-VI compounds can be
associated to the truly divalent character of Mn whose d
states little perturb the sp3 tetrahedral bonds as both the
lower d5 (donor) and the upper d6 (acceptor) Hubbard
levels are respectively well below and above the band
edges (Dietl, 1981, 2002; Zunger, 1986). This qualita-
tive picture is supported by first principles computations,
showing a virtual absence of an energy change associated
with bringing two Zn-substitutional Mn atoms to the
nearest neighbor cation sites in (Zn,Mn)Te, Ed = 21 meV
(Kuroda et al., 2007).
According to the pioneering ab initio work (van Schilf-
gaarde and Mryasov, 2001) and to the subsequent devel-
opments (Da Silva et al., 2008; Kuroda et al., 2007; Sato
et al., 2005; Ye and Freeman, 2006), a strong tendency
to form non-random alloys occurs in the case of DMSs in
which TM-induced states are close to the Fermi energy
and thus contribute significantly, via the p-d hybridiza-
tion, to the bonding as well as can supply or trap carriers.
For instance, the pairing energy of two Ga-substitutional
Mn atoms is computed to be Ed = −120 meV in GaAs
and −300 meV in GaN (van Schilfgaarde and Mryasov,
2001).
However, as already mentioned in Sec. II.A, a suffi-
ciently low magnitude of substrate temperature prevents
the formation of hexagonal MnAs or zinc-blende Mn-rich
(Mn,Ga)As nanocrystals in (Ga,Mn)As grown by MBE.
Indeed, according to the newly developed three dimen-
sional atom probe technique (3DAP) that allows one to
obtain 3D maps of elements’ distribution with a 1 nm
resolution, the Mn distribution is uniformed along the
growth direction and in-plane, without any evidence for
Mn aggregation in the sample volume or Mn segrega-
tion at the interface, as shown in Figs. 2 and 3. How-
ever, within the attained resolution, the presence of short
range correlations, that is a formation of dimers of trim-
mers, cannot be confirmed or ruled out. It is unclear at
present to what extent this new method provides accu-
rate information on the absolute values of the particular
element concentration. The present data, as they stand,
suggest a surplus of As and Mn in the studied slices.
The absence of Mn aggregation in (Ga,Mn)As ob-
tained by low temperature MBE was confirmed by cross-
sectional scanning tunneling tomography (Richardella
et al., 2010).
In the case of wurtzite (wz) (Ga,Mn)N grown by
MOVPE (Bonanni et al., 2011) and MBE (Kunert et al.,
2012) a range of nanocharacterization methods indicate
the absence of Mn aggregation in films grown under care-
fully adjusted conditions. A remarkable difference be-
tween (Ga,Mn)N and (Ga,Fe)N [in which the same meth-
ods reveal the formation of Fe-rich nanocrystals (Bo-
nanni et al., 2008; Navarro-Quezada et al., 2011)] was
explained by LSDA ab initio studies in terms of the repul-
sive (Ed = 170 meV) and attractive (Ed = −120 meV)
interactions between the nearest neighbor cations pairs
of Mn and Fe, respectively, on the growth surface (0001)
of wz-GaN (Gonzalez Szwacki et al., 2011).
7FIG. 2 (Color online) Composition profile along the growth
direction obtained with a 0.1 nm step for a 10×10 nm2 slice of
(Ga,Mn)As grown by LT-MBE on a GaAs substrate. A uni-
form Mn distribution (lowest curve, right scale) with no ac-
cumulation at the interface is documented for the (Ga,Mn)As
layer. The data suggest an As surplus (uppermost curve).
From Kodzuka et al., 2009.
D. Formation of Mn dimers
Figure 4 presents the nearest neighbor Mn dimers re-
siding on GaAs (001) surface along two crystallographic
directions. As seen, in the [1¯10] case the two Mn ions
are connected by the same As atom, whereas there is no
such As atom for the dimer along the [110] axis, imply-
ing that these two directions are not equivalent on the
surface, in contrast to bulk dimers, for which there is an
As bridge for these two cases – one below, one above the
dimer plane. Furthermore, since the Mn-Mn interaction
discussed in the previous subsection is brought about by
p-d hybridization, one may expect much stronger attrac-
tive force for the [1¯10] pair comparing to the [110] case.
Indeed, ab initio computations show that the correspond-
ing difference in Ed is as large as 1.0 eV (Birowska et al.,
2012), much higher than growth temperature. Thus,
if barriers for Mn diffusion along the surface are suffi-
ciently small, a non-volatile asymmetry in the pair dis-
tribution will set in in the whole film during the epitaxy.
A group theory analysis demonstrated that the corre-
sponding lowering of symmetry leads to the appearance
of two additional terms in the kp Hamiltonian, which are
of the form of effective biaxial and shear strains, xx and
xy, respectively (Birowska et al., 2012).
The asymmetry in the dimer distribution invoked by
the above model has not yet been directly confirmed
by any nanocharacterization method. However, it was
suggested (Birowska et al., 2012) that strain associated
with the formation of dimers along the [1¯10] direction
can trigger stacking faults propagating in the (111) and
(111¯) planes, as observed in (Ga,Mn)As by high resolu-
tion electron transmission microscopy (Kong et al., 2005)
and synchrotron x-ray diffraction (Kopecky´ et al., 2011).
FIG. 3 (Color online) Mn distribution in 3 nm thick slices of
Ga1−xMnxAs, grown by low temperature epitaxy, determined
by the three dimensional atom probe technique (3DAP) (up-
per panel). Frequency distribution of the Mn compositions in
200 slices, compared to the binomial distribution expected for
a random alloy with x = 7.2% shown by the solid line. The
Mn composition determined from the lattice constant (XRD)
is x = 3.7% for this film. From Kodzuka et al., 2009.
FIG. 4 (Color online) Mn dimers on the (001) GaAs surface,
if residing along the [110] direction, are not bridged by an As
atom (a). Such a bonding exists for [1¯10] dimers (b), resulting
in the lower energy.
E. Self-compensation – Mn interstitials and Mn complexes
In many cases TM impurities rather than residing in
the substitution sites, prefer to occupy interstitial po-
sitions, the case of TM-doped Si (Zunger, 1986), but
also of Mn in GaAs, as suggested theoretically (Masˇek
and Ma´ca, 2001) and found experimentally (Yu et al.,
2002). According to combined Rutherford backscatter-
ing (RBS) and particle-induced x-ray emission (PIXE)
8measurements (Yu et al., 2002), as-grown (Ga,Mn)As
contains a significant portion of Mn occupying intersti-
tial positions, MnI, the defect found also in (In,Mn)Sb
(Wojtowicz et al., 2003a) and (Al,Ga,Mn)As (Rushforth
et al., 2008). The presence of MnI in (Ga,Mn)As was
confirmed by extended x-ray absorption fine structure
(EXAFS) spectroscopy (Bacewicz et al., 2005; d’Acapito
et al., 2006) and transmission electron microscopy (TEM)
(Glas et al., 2004). The interstitials appear to enlarge the
(Ga,Mn)As lattice constant, according to x-ray diffrac-
tion (Mack et al., 2008; Potashnik et al., 2001; Sadowski
and Domagala, 2004) and theoretical studies (Masˇek
et al., 2003).
Whilst the Mn impurity in the cation-substitutional
site acts as a single acceptors in III-V compounds, it be-
comes a double donor in the interstitial position of the
GaAs lattice (Masˇek and Ma´ca, 2001; Yu et al., 2002).
Since the formation of holes in the valence band, i. e.,
in the bonding states increases the system energy, the
formation of hole compensating defects is energetically
favored. In line with this self-compensation scenario, the
relative concentration of Mn interstitial, xI/x increases
with the total Mn content x, leading to a correspond-
ing decrease of the hole concentration, p = (x− 3xI)N0,
where N0 is the total cation concentration (Wang et al.,
2004; Yu et al., 2002). Other compensating donor im-
purities or defects, such as As antisites often present in
GaAs and related systems deposited at low temperatures
(Sec. II.A), lowers the value of p further on,
p = N0(x− 3xI)− zND, (1)
where z = 1 and z = 2 for the single and double donors,
respectively, of the concentration ND. This formula in-
dicates that it may not be possible to determine the hole
concentration knowing only Mn concentrations (x and
xI).
It appears natural to assume that mobile positively
charged interstitials will occupy a void position next
to the negatively charged MnGa acceptors, as shown in
Fig. 5. However, this conclusion appears in variance with
the TEM studies indicating that MnI occupies preferably
a tetrahedral position with As as the nearest neighbors
(Glas et al., 2004). Also EXAFS spectroscopy (d’Acapito
et al., 2006) has not yet provided evidences for the for-
mation of MnI–MnGa dimers. On the other hand, the ob-
servation by x-ray magnetic circular dichroism (XMCD)
of some non-ferromagnetic Mn inside (Ga,Mn)As films
has been assigned to such dimers (Kronast et al., 2006).
This issue, as well as the strength of exchange couplings
between band holes and MnI in various positions, have
not yet been settled theoretically (Blinowski and Kac-
man, 2003; Masˇek et al., 2003) and experimentally. At
the same time, a strong antiferromagnetic interaction is
expected for MnI-MnGa dimers (Blinowski and Kacman,
2003; Masˇek et al., 2003). The corresponding formation
of spin singlets, not coupled to holes by an exchange in-
teraction, could explain a reduction in the concentration
of Mn spins,
xeff = x− 2xI, (2)
contributing to ferromagnetic order in as-grown
(Ga,Mn)As (Chiba et al., 2008b; Edmonds et al., 2005;
Potashnik et al., 2002; Stefanowicz et al., 2010a; Wang
et al., 2004). We note that, as discussed in Secs. III.A
and VIII.A, antiferromagnetic superexchange between
substitutional Mn ions can reduce xeff and TC further on.
F. Non-uniform carrier distribution
A spontaneous formation of a spatially non-uniform
(modulated) carrier and magnetization distribution has
been persistently suggested theoretically in the context of
magnetic semiconductors (Nagaev, 1993) and considered
also for DFSs (Timm, 2006).
If magnetic ordering is mediated by carriers, spatially
inhomogeneous magnetization can result from a non-
uniform distribution of carrier density. One origin of
such inhomogeneity is the formation of space charge
layers at the interfaces or surfaces of DFSs, the ef-
fect examined quantitatively in gated metal-insulator-
semiconductor structures of (Ga,Mn)As (Nishitani et al.,
2010; Sawicki et al., 2010). It was also argued (Proselkov
et al., 2012) that Coulomb repulsion between surface and
interstitial donors produces a gradient in the concentra-
tion of MnI and, thus, in the hole density and TC, as
seen in neutron (Kirby et al., 2006) and magnetization
(Proselkov et al., 2012) studies.
Furthermore, according to the physics of disorder-
driven quantum localization in doped semiconductors
(Altshuler and Aronov, 1985; Lee and Ramakrishnan,
1985), density of electronic states at the Fermi level ρF
does not exhibit any critical behavior in the vicinity of the
Anderson-Mott transition. In contrast to ρF, the local
density of states (LDOS) shows critical fluctuations in the
vicinity of the transition, as recently visualized by scan-
ning tunneling spectroscopy in (Ga,Mn)As (Richardella
et al., 2010). These fluctuations lead to a nanoscale elec-
tronic phase separation into regions with differing hole
concentrations, the effect explaining (Dietl, 2008b) a sur-
prising appearance of Coulomb blockade peaks in the
conductance of gated nanoconstrictions (Schlapps et al.,
2009; Wunderlich et al., 2006).
The electronic phase separation is expected to
be enhanced by competing long-range ferromagnetic
and short-range antiferromagnetic interactions (Dagotto
et al., 2001), particularly in the instances when carrier
density is relatively low, as in II-VI and compensated
III-V DFSs. These phenomena give rise to the coexis-
tence of ferromagnetic with paramagnetic or superpara-
magnetic regions, even if the distribution of magnetic
ions is perfectly uniform. Such a co-existence was seen
in XMCD studies (Takeda et al., 2008) as well as in di-
rect magnetic measurements (Ferrand et al., 2001; Oiwa
et al., 1998; Sawicki et al., 2010), as shown in Fig. 6.
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FIG. 5 (Color online) Location of Mn (full circles) in GaAs films (Ga - open circles with central dots; As - open circles) grown
by low temperature molecular beam epitaxy as seen by particle-induced x-ray emission (PIXE): Ga-substitutional, interstitial,
and Mn-rich small clusters incommensurate with the GaAs lattice. A tetrahedral interstitial position with cations as the nearest
neighbors is shown but the experiment does not exclude that Mn occupies a tetrahedral position close to anions or a hexagonal
interstitial site. From Yu et al., 2008.
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FIG. 6 (Color online) Magnetic field dependence of magne-
tization at 2 K for non-annealed films of Ga1−xMnxAs with
the nominal value of x ranging from 0.015 to 0.071. The mag-
netic field is applied perpendicular to the sample plane. The
dashed lines are fits of the high field magnetization changes
to the paramagnetic Brillouin function with the adjusted ef-
fective temperature Teff = 4 K. The fitting implies that the
concentration of paramagnetic ions is between 20% (x = 0.35
and 0.43) and 50% (x = 0.071) of the total Mn composition.
From Oiwa et al., 1998.
Since a characteristic relaxation time of superparamag-
netic particles is slower than 0.1 µs, they would generate
a ferromagnetic-like response in muon rotation experi-
ments (Dunsiger et al., 2010).
G. Determination of carrier concentration
The determination of carrier density in DFS films from
Hall effect measurements is highly challenging for three
reasons.
First, the anomalous Hall effect often dominates, so
that the evaluation of the normal Hall effect is only pos-
sible in high magnetic fields and at low temperatures,
where spins of magnetic ions are saturated (Omiya et al.,
2001). Under these conditions, taking into account the
valence band structure of DFSs, the Hall resistance is
expected to provide the hole concentration within an ac-
curacy of about 20% (Jungwirth et al., 2005). However,
in this regime, a direct influence of the magnetic field on
the hole magnetic moments reduces the hole spin polar-
ization (Dietl et al., 2001b; S´liwa and Dietl, 2006, 2013)
and, hence, the anomalous Hall effect, linearly in the
magnetic field. This results in an overestimation of the
hole concentration, particularly in the high hole concen-
tration range, where the ordinary Hall resistance is rel-
atively small. In an extreme case of (In,Mn)Sb, where
the magnetic moment of holes is large, a sign reversal
the Hall resistance in the magnetic field was observed
(Miha´ly et al., 2008).
Second, additional corrections to the Hall resistance
come from quantum localization phenomena (Altshuler
and Aronov, 1985; Lee and Ramakrishnan, 1985), which
eventually lead to the divergence of the Hall coefficient
in the vicinity of the metal-insulator transition (Dietl,
2008b), the effect persisting up to temperatures of the or-
der of the acceptor binding energy (Fritzsche and Cuevas,
1960), about 1000 K in (Ga,Mn)As. Accordingly, the de-
termined magnitude of carrier density directly from the
Hall resistance, even at room temperature, is typically
significantly underestimated at the localization bound-
ary in DFSs such as (Ga,Mn)As (Satoh et al., 2001; Sheu
et al., 2007).
Third, carriers accumulated at interfaces or substrate
often contribute to total conductance. Under these con-
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ditions, in order to determine the relevant Hall resistivity,
magnetotransport measurements should be carried out
over a wide field range and interpreted in terms of mul-
tichannel formulae (Bonanni et al., 2007). The presence
of an electron layer at the (In,Mn)As/GaSb interface is
thought to lead to an underestimated value of hole den-
sity in (In,Mn)As (Liu et al., 2004).
In view of the above difficulties other methods were
successfully employed to determine hole density in
(Ga,Mn)As: (i) electrochemical capacitance-voltage pro-
filing (Yu et al., 2002); (ii) Raman-scattering inten-
sity analysis of the coupled plasmon–LO-phonon mode
(Seong et al., 2002), and (iii) infrared spectroscopy pro-
viding the hole concentration from dynamic conductivity
integrated over the frequency (Chapler et al., 2013).
H. Determination of alloy composition
A routine, non-destructive, and accurate determina-
tion of an average alloy composition x is by no means
straightforward in the case of DFS thin films. The in-
tensity of TM flux during the growth and the character
of reflection high-energy electron diffraction (RHEED)
or ex-situ secondary ion mass spectroscopy (SIMS) serve
to evaluate the nominal TM concentration x. For the
purpose of calibration the electron probe microanalysis
(EPMA)–requiring usually films thicker than 1 µm–or
the relation between the flux and thickness of the end
compound, say, MnAs (Ohya et al., 2007b) have been
employed. The calibration can also be used to estab-
lish the composition dependence of the lattice constant
a(x), which can readily be determined by x-ray diffrac-
tion (XDR) measurements. Here the sensitivity of a(x) to
the carrier and defect density (Mack et al., 2008; Masˇek
et al., 2003; Potashnik et al., 2001; Sadowski and Doma-
gala, 2004) has to be considered. Channeling Rutherford
backscattering (c-RBS) (Kunert et al., 2012; Yu et al.,
2002) and particle induced x-ray emission (c-PIXE) (Yu
et al., 2002) experiments also allow to determine Mn con-
tent.
Recently, a three dimensional atom probe technique
(3DAP) is being developed (Kodzuka et al., 2009), which
together with already frequently used electron energy loss
spectroscopy (EELS) (Jamet et al., 2006) and energy dis-
persive x-ray spectroscopy (EDS) (Kuroda et al., 2007),
have the potential to provide TM composition, also in
the case of thin films.
In the case of DMSs the composition can also be as-
sessed from, interesting by its own, magnetic measure-
ments, the method requiring a modeling of magnetism.
However, it is now appreciated that because epitaxial
films are thin and the concentration of magnetic impu-
rities is typically low, magnetic response of DMS layers
can be significantly perturbed by spurious magnetic mo-
ments and a limited resolution of typical magnetometers
(Sawicki et al., 2011). Accordingly, prior to deposition
of DMS films, magnetic properties of the substrate have
to be carefully assessed. Furthermore, results of mag-
netic measurements on DMSs samples should be system-
atically compared to data obtained for films nominally
undoped with magnetic ions but otherwise grown, co-
doped, and processed in the identical way as the DMS
samples in question.
An example of the application of this technique for a
ferromagnetic (Ga,Mn)As is illustrated in Fig. 7, where
the findings revealed a rather high value of saturation
magnetization, MSat = 90 ± 5 emu/cm3 (Chiba et al.,
2007). However, assuming the magnetic moment of 5µB
per Mn ion [i.e. neglecting a small hole contribution
(S´liwa and Dietl, 2006)], the magnitude of MSat leads to
the effective concentration of Mn spins xeff more than
2 times smaller than the nominal value x = 0.20 ob-
tained for this film from a linear extrapolation of the
Mn flux calibration for x < 0.1. This discrepancy, noted
also by other groups (Mack et al., 2008; Wang et al.,
2008b), is discussed further on in the subsection that fol-
lows (Sec. III.A).
The destructive influence of compensating donor de-
fects, such as MnI on the hole and effective Mn concen-
trations lowers the magnitude of TC significantly. How-
ever, as discussed in Sec. III.A, the concentration of inter-
stitials can be considerably reduced by low temperature
annealing.
According to RBS-PIXE studies of (Ga,Mn)As men-
tioned above, in addition to Ga-substitutional and in-
terstitial positions, Mn atoms assume locations incom-
mensurate with the GaAs lattice, refereed to as ”ran-
dom”, which can involve a half of the total number of
Mn ions (Chiba et al., 2008b). It has been suggested
that the ”random” incorporation corresponds, at least
partly, to Mn gathered on the surface as a result of out
diffusion of interstitial Mn occurring during the growth
or annealing of thin layers (Chiba et al., 2008b; Yu et al.,
2005). Such a scenario is supported by the study combin-
ing synchrotron XRD and a technique of x-ray standing-
wave fluorescence at grazing incidence (Holy´ et al., 2006),
which shows that (Ga,Mn)As consists of a uniform single-
crystal film covered by a thin surface Mn-rich layer con-
taining Mn atoms at random non-lattice sites. After an-
nealing, the concentration of interstitial Mn and the cor-
responding lattice expansion of the epilayer are reduced,
the effect being accompanied by an increase in the density
of randomly distributed Mn atoms in the disordered sur-
face layer (Rader et al., 2009), where Mn ions are oxidized
(Edmonds et al., 2004a,b; Olejn´ık et al., 2008; Schmid
et al., 2008; Yu et al., 2005).
Another kind of a self-compensation mechanism was
found in (Ga,Mn)N. In this material, the Mn acceptor
level resides in the mid-gap region (Sec. III.A), so that
a co-doping by shallow acceptors, such as Mg, is neces-
sary to produce holes in the valence band. It turned out,
however, that Mg-Mn complexes are formed in MOVPE
grown GaN:Mn:Mg, hampering hole doping of the va-
lence band (Devillers et al., 2012).
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tional position 5B per atom Ms should be 0.249 T. The
effective concentration of Mn xeff =xsub−xint is calculated to
be 0.091±0.006, assuming x=xsub+xint. Here, xsub and xint
are the concentration of Mnsub and Mnint, respectively.
Assuming that Mnint is a double donor, p is estimated to be
81020 cm−3. We note that the calculated TC by the p-d
Zener model using the estimated p and xeff is 345 K, much
higher than the observed one 118 K.
Figure 4c shows 0H dependence of M /Ms, or equiva-
lent quantity, measured by three different techniques. MCD
was measured at a photon energy of 1.82 eV E0 energy.
The saturation value of M Ms, MCD MCDs, and RHall
RHall,s were 0.105 T, −157 mdeg, and 202 , respectively.
All the curves were virtually identical. The MCD spectrum
from 1.5 to 4 eV shows shape similar to that previously ob-
served in Ga1−xMnxAs with low x 0.1.25,26 The normal-
ized MCD curves under several different 0H fall on the
same trace not shown. Similar results were recently ob-
served in Ga1−xMnxAs with high x on GaAs buffer layer.27
These experimental observations indicate that the sample has
the single ferromagnetic phase.
In summary, we have described the properties of high
Mn concentration Ga1−xMnxAs x=0.075–0.200. TC in-
creases with increasing x. Tmax is higher than that of TC re-
gardless of x. The magnetic anisotropy depends on the direc-
tion of strain as in the case of conventional Ga1−xMnxAs.
0H dependences of M, MCD, and RHall show that ferromag-
netism in Ga0.8Mn0.2As is intrinsic.
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FIG. 4. Color online a Magnetic field 0H loops of M /Ms for four
different orientations 100, 1¯10, 110, and 001 at 5 K after annealing
at 180 °C for 15 min. The inset shows temperature T dependence of rema-
nent magnetization Mr for four orientations. b Annealing time ta depen-
dence of Curie temperature TC. c 0H dependence of M /Ms SQUID; 
symbols, RHall /RHall,s AHE; solid line, and MCD/MCDs MCD; open
circles at 1.82 eV. All data are obtained at 20 K.
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FIG. 7 (Color online) Properties of a ferromagnetic 5 nm-
thick (001) Ga1−xMnxAs film of nominal composition x =
0.20 grown by MBE at 170oC. (a) SQUID magnetometer
measurements of magnetization loops for four different ori-
entations of the magnetic field in respect to crystallographic
axes: [100], [11¯0], [110], and [001] at 5 K after annealing at
180oC for 15 min. The data are normalized by the value of
saturation magnetization MSat = 0.113 T which points to the
effective Mn concentration xeff = 0.1. The inset shows tem-
perature dependence of remanent magnetization Mr for the
same orientations, which imply that the easy axis is along
[11¯0]. (b) The increase of the Curie temperature with the an-
nealing time. (c) Normalized magnitudes of magnetization,
Hall resistance (the anomalous Hall effect - AHE), and mag-
netic circular dichroism (MCD) at 1.82 eV, i. e., in the region
of interband optical transitions. All data were obtained at
20 K for the magnetic field along [001]. From Chiba et al.,
2007.
III. CONTROL OF FERROMAGNETISM
In this section we discuss the most prominent feature of
DFSs, that is the possibility of manipulating their mag-
netic properties, including Curie temperature, sa uration
magnetization, and magnetic anis tropy, by growth con-
dition , doping, strain, electric field, ligh , and electric
current. We also present devices in which electric cur-
rent is controlled by magnetization direction. Theoreti-
cal modeling of pertinent ferromagnetic effects in DFSs is
presented in Sec. IX, whereas Sec. X contains a compari-
son of experimental findings and theoretical predictions.
A. Changing of hole density by doping, co-doping, and
post-growth processing
The existence of a strong interaction between subsys-
tems of localized spins and effective mass carriers is the
signature of DMSs (Dietl, 1994; Furdyna and Kossut,
1988). This interaction accounts for giant Zeeman split-
ting of bands, spin-disorder scattering, the formation
of magnetic polarons, and the mediation by itinerant
carriers of ferromagnetic coupling between localized Mn
spins. As predicted theoretically (Dietl et al., 1997),
and observed experimentally for (Zn,Mn)O:Al (Andrea-
rczyk et al., 2001), this coupling is relatively weak in the
case of electrons in DMSs. In contrast, ferromagnetic in-
teractions between diluted spins are rather strong when
mediated by delocalized or weakly localized holes (Fer-
rand et al., 2000; Haury et al., 1997; Jungwirth et al.,
2010; Ohno et al., 1992, 1996; Sheu et al., 2007; Story
et al., 1986). In fact, t ey can overcome competing
short-range antiferromagnetic superexchange occurring
between Mn2+ ions in DMSs. Thus, along with the de-
pendence on the magnetic ion density x, ferromagnetic
properties of DMSs ca be controlled by ch ging the net
acceptor concentration as well as by gating (Sec. III.C)
or illumination (Sec. III.F). Conversely, experimentally
observ ng that TC does not vary with x usually means
that magnetic impurities are not randomly distributed
(i. e., their local concentration does not depend on the
average value x). Similarly, the lack of dependence on
carriers’ ensity indicates that carriers may not account
for ferromagnetic order. Several issues, discussed in more
details further on, has to be taken into account in this
context:
1. Similarly to other doped semiconductors, holes in
DFSs undergo Anderson-Mott localization if their
concentration is smaller than a critical value pc.
2. Due to a contribution of p-d coupling to the hole
binding energy, the value of pc is shifted to higher
hole den ities in DFSs, as compared to correspond-
ing non-magnetic counterparts.
3. The carrier-mediated ferromagnetism appears al-
r ady in the weakly localized regime p < pc) but no
long-range and, thus, efficient ferromagnetic cou-
pling takes place in the strongly localized regime,
p pc, here holes are tightly bound to the parent
acceptors.
4. Deeply in the metallic phase, p  pc, ferromag-
netic features show typically textbook thermody-
namic and micromagnetic properties, despite dis-
order inherent to doped semiconductor alloys.
5. Because of the self-compensation mechanism
(Sec. II.E), the introduction of a sizable acceptor
concentration may not result in a correspondingly
large hole concentration.
There is no quantitative theory for pc but empirically
its magnitude is typically within the range p
1/3
c aB =
0.26 ± 0.05, if the effective Bohr radius aB is evaluated
from the binding energy EI of the relevant acceptor in
the limit p = 0 according to one of the prescriptions
12
(Edwards and Sienko, 1978): aB = ~/(2m∗EI)1/2 (quan-
tum defect theory) or aB = e
2/(8pi0rEI), where r
is the static dielectric constant. Employing the latter
for GaAs:Be and GaAs:Mn, for which EI = 28.6 meV
(Fiorentini, 1995) and 112.4 meV (Linnarsson et al.,
1997), one obtains pc = (2.3 ± 1.6) × 1018 and 1.4 ±
1 × 1020 cm−3, respectively. It is worth noting, how-
ever, that in DFSs pc also depends on the magnitude of
magnetization and even on its orientation in respect to
crystallographic axes (Pappert et al., 2006).
As shown in Fig. 8, EI increases rather dramatically
on going from antimonides to nitrides through arsenides
and phosphides in Mn-doped III-V compounds. The val-
ues of EI were primarily determined from optical data
but also from transport studies in the strongly localized
regime (Wo los´ et al., 2009), where–at temperatures above
the hopping regime–the activation energy of conductivity
1 = EI. A deviation of EI from values expected for ef-
fective mass acceptors, known as a central cell correction
or a chemical shift, was interpreted (Dietl, 2008a; Dietl
et al., 2002; Mahadevan and Zunger, 2004; Sato et al.,
2010) in terms of the hybridization-induced repulsion be-
tween t2 states originating from Mn d levels and p-like
valence band states from which the acceptor state is built.
The role of this mechanism increases with the decreasing
cation-anion bond length and energy distance between
the valence band top and Mn level, eventually resulting
in a transition to the strong coupling limit, where the
hole binding energy is dominated rather by the p-d in-
teraction than by the acceptor Coulomb potential. The
emergence of an impurity band in the energy gap with
increasing p-d coupling was also captured by the dynamic
mean-field approximation (Chattopadhyay et al., 2001).
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FIG. 8 (Color online) Compilation of experimental energies
of Mn levels in the gap of III-V compounds with respect to
the valence-band edges. Adapted from Dietl et al., 2002.
Because of these differences in magnitudes of EI, crit-
ical densities for the metal-insulator transition (MIT)
vary significantly within the Mn-based III-V DMSs fam-
ily (Dietl, 2008a; Wo los´ et al., 2009). For instance, a com-
parison of uncompensated Ga1−xMnxAs, Ga1−xMnxP,
and Ga1−xMnxN with similar Mn content x ≈ 6%, shows
that holes are respectively delocalized (Jungwirth et al.,
2007), at the localization boundary (Scarpulla et al.,
2005), and in the strongly localized regime where no
carrier-mediated mechanism of spin-spin coupling oper-
ates (Sarigiannidou et al., 2006; Stefanowicz et al., 2013).
Except for (Ga,Mn)N, considerable hole conductivities
σ are characteristic to DFSs, where actually a correlation
between the magnitudes of σ and TC is seen, as shown in
Fig. 9 for (Ga,Mn)As. In most situations, σ(T ) remains
non-zero at T → 0, implying metallic conductance. How-
ever, in some important cases, e. g., (Ga,Mn)As with
x . 2% (Jungwirth et al., 2007; Sheu et al., 2007),
(Ga,Mn)P (Winkler et al., 2011), and (Zn,Mn)Te:N (Fer-
rand et al., 2001), σ(T ) vanishes at T → 0 but TC re-
mains non-zero. Altogether, these data indicate that the
ferromagnetism occurs not only on the metal side of the
MIT but in a non critical way penetrates into the weakly
localized regime, where high-temperature activation en-
ergy of conductivity 2 < EI provides information on
the distance between the mobility edge and the Fermi
level (Fritzsche and Cuevas, 1960). However, on moving
deeply into the insulator phase TC vanishes or at least be-
comes smaller than the explored temperature range down
to 2 K in (Ga,Mn)As (Sheu et al., 2007).
The above mentioned detrimental effect of interstitials
on the ferromagnetism of (Ga,Mn)As can be partly re-
duced by an annealing process (Chiba et al., 2003; Ed-
monds et al., 2002; Hayashi et al., 2001; Ku et al., 2003;
Potashnik et al., 2001; Sørensen et al., 2003) that pro-
motes the diffusion of the MnI ions to the surface, where
they partake in the formation of an antiferromagnetic
MnO thin film (Edmonds et al., 2004b; Olejn´ık et al.,
2008; Schmid et al., 2008; Yu et al., 2005) or an MnAs
monolayer, if the surface is covered by As (Adell et al.,
2007). This post-growth thermal treatment leads to a
substantial increase in the magnitudes of conductivity,
TC, and spontaneous magnetization, to the values shown
in Figs. 9, 7, and 10. A similar effect of low-temperature
annealing is observed in (In,Mn)As (Hashimoto et al.,
2002).
The efficiency of annealing appeared enhanced in nan-
odots (Eid et al., 2005) or nanowires (Chen et al., 2011).
In contrast, the process of out diffusion was self-limiting
if the annealing was performed in an oxygen-free atmo-
sphere or the surface was covered by a cap (Chiba et al.,
2003). The diffusion of MnI towards the surface can al-
ready occur during the growth, the process being par-
ticularly efficient in thin samples (Chiba et al., 2008b;
Yu et al., 2005). Accordingly, the concentration of MnI
in such samples is relatively low, below 2%, as shown in
Fig. 10.
A natural question arises whether co-doping of
(Ga,Mn)As by non-magnetic acceptors, say Be, could en-
large TC over the values displayed in Fig. 9. It could be
expected that an antiferromagnetic character of carrier-
mediated interaction, showing up when carrier density
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FIG. 9 (Color online) (a) Conductivity vs. inverse temper-
ature in annealed samples Ga1−xMnxAs showing a transi-
tion from the insulator to metallic behavior on increasing x.
(b) Correlation between conductivity at 4.2 K (left scale)
and Curie temperature (right scale) in such samples. An
abrupt increase of the conductivity at x & 1.5% witnesses
an insulator-to-metal transition on Mn doping. According to
the magnitude of saturation magnetization, the effective (net)
Mn concentration attains 8% for the highest nominal values
of x. From Jungwirth et al., 2010, supplementary material.
becomes greater than the magnetic impurity concentra-
tion, can drive the system towards a spin-glass phase,
as observed in Pb1−x−ySnyMnxTe (Eggenkamp et al.,
1995). It turned out, however, that the presence of
additional holes during the growth of (Ga,Mn)As layer
increases the concentration of Mn interstitial donors
(MnI) by the self-compensation mechanism. This di-
minishes net hole and Mn densities, so that TC gets
actually reduced (Wojtowicz et al., 2003b; Yu et al.,
2004). However, TC is increased if additional holes
are transferred to (Ga,Mn)As layer after its epitaxy
has been completed. Such engineering of ferromag-
netism in Ga1−yAlyAs/(Ga,Mn)As/Ga1−yAlyAs quan-
tum structures is presented in Fig. 11. As seen, mod-
ulation doping by Be in the back barrier diminishes TC,
as then the Fermi level assumes a high position during
the growth of (Ga,Mn)As layer which results in the MnI
formation. In contrast, when Be is introduced in the
front barrier, i.e., after the growth of (Ga,Mn)As, the
concentration of MnI is small and TC becomes high.
those of the RBS signals from the GaAs host lattice at room
temperature.6
The magnetic field 0H dependence of M of all the
samples before and after annealing at 5 K, after subtraction
of diamagnetic negative slope of the substrate, is shown in
Figs. 1a and 1b, respectively. Here, 0H was applied
along the 1¯10 direction and M along the same direction
was measured. Because M saturates at higher fields
0.2 T in all the curves, Ms and diamagnetic suscepti-
bility of the substrate can be determined from the intercept at
zero magnetic field and the slope of linear fits to M in the
range of 0.35–0.5 T, respectively. The obtained Ms is sum-
marized in Table I. Here, Ms increases systematically with
increasing x in both as-grown and annealed samples. From
Ms, one can determine xeff=Ms /0N0gBS, where 0 is the
magnetic permeability in vacuum, N0 is the concentration of
Ga sites, g =2 is g factor of Mn, B is the Bohr magneton,
and S =5 /2 is the spin of Mn. Note that we do not take into
account the effect of the lattice constant change as a function
of xeff here. xeff determined from Ms is much smaller than x,
and the highest xeff=0.088 was obtained in sample E x
=0.198 after annealing.
The fractions of Mn in the substitutional position fsub,
interstitial position f I, and at atomic locations that are incom-
mensurate with the crystal lattice these Mn atoms are nei-
ther substitutional nor interstitial but present in a form that
scatter the ion beam similar to a “random” nonaligned con-
dition f rand of the as-grown samples were determined by
RBS and PXIE measurements, as listed in Table I. One can
see that the largest fraction of Mn atoms is in lattice loca-
tions incommensurate with the lattice f rand 0.5; they
are most likely diffused out to the surface forming oxide. It
was suggested that for thin Ga,MnAs layers 10 nm,
Mnint can diffuse to the surface during or after growth to
form Mn-related oxides.15 xeff can be calculated from these
results using xeff= fsub− f Ix. Figure 2a shows the x depen-
dence of xeff determined by M as-grown and annealed
samples and c-RBS-PIXE as-grown samples measure-
ments. xeff before and after annealing with increasing x are
also shown. As shown in the figure, the xeff determined by
ion channeling agrees well with the M measurement, cor-
roborating the validity of the present determination of xeff.
The concentration of interstitial Mn, xintN0, was also deter-
mined from the two measurements as xintN0= f IxN0 for
c-RBS-PIXE measurements and xintN0= xeffannealed
−xeffas grown	N0 for M measurements assuming that all
TABLE I. The saturated magnetization Ms, the effective Mn composition xeff, and the Curie temperature TC
determined by magnetization measurements for the as-grown and annealed samples. The fractions of Mn atoms
at the lattice sites other than well defined substitutional and interstitial position f rand, interstitial position f I, and
substitutional position fsub are determined by RBS-PIXE measurements for the as-grown samples.
Sample x
As grown Annealed
Ms T xeff TC K f rand f I fsub Ms T xeff TC K
A 0.101 0.048 0.037 56 0.61 0.03 0.36 0.062 0.048 116
B 0.126 0.063 0.049 70 0.55 0.06 0.39 0.082 0.063 138
C 0.148 0.070 0.054 64 0.50 0.08 0.42 0.089 0.069 147
D 0.174 0.072 0.056 64 0.52 0.07 0.41 0.083 0.064 127
E 0.198 0.087 0.068 74 0.47 0.07 0.46 0.113 0.088 148
FIG. 1. Color online Magnetic field 0H dependence of magnetization M
along the 1¯10 direction at 5 K for a as-grown and b annealed samples.
FIG. 2. Color online a The nominal Mn composition x dependence of the
effective Mn composition determined by the magnetization measurements
closed symbols, SQUID before circles and after triangles annealing and
RBS-PIXE measurements open stars, PIXE. The alphabets in the figure
show sample name. b The interstitial Mn concentration xintN0 determined
by the magnetization measurements closed circles, SQUID and RBS-PIXE
measurements open stars, PIXE as a function of x.
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FIG. 10 (Color online) Determination of M composition and
location in (Ga,Mn)As. (a) Effective Mn composition xeff
determined by mag etization measurements (closed symbols,
SQUID) befor (circles) and after (triangles) a nealing and
RBS-PIXE measur ments (open tars, PIXE) as fu ction of
the no i al Mn composition x in 4 and 5 nm thick (Ga,Mn)As
layers. (b) The interstitial Mn concentration xIN0 deter-
mined as the difference in xeff after and before annealing from
the magnetization measurements (closed circles, SQUID) and
from RBS-PIXE measurements before annealing (open stars,
PIXE). From Chiba et al., 2008b.
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FIG. 11 Temperature dependence of remanent
ma netization and resistivity (inset) for three
Ga0.76Al0.24As/Ga1−xMnxAs/Ga0.76Al0.24As quantum
well (QW) structures. The width of the QW is 5.6 nm,
x = 0.06. Beryllium acceptors were introduced either into the
first barrier (grown before the ferromagnetic QW), or into
the second barrier; or the sample was undoped, as marked.
From Wojtowicz et al., 2003b.
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FIG. 12 (Color online) Effect of growth conditions on the
Curie temperature in (Ga,Mn)As. The hole density p from the
Hall effect at 300 K and the Curie temperature TC are plotted
as a function of As:Ga flux ratio for two wafers with different
Mn concentrations, (a) 1.25%, and (b) 1.50%. Lines guide the
eye. The stoichiometric region is shaded grey, where effects
of disorder-induced hole localization (caused by roughness on
the Ga-rich side and by As antisites on the As-rich side) are
minimized. Adapted from Myers et al., 2006.
Not surprisingly, the magnitude of TC in DFSs can be
lowered by incorporating compensating donor impurities
or donor defects. In the case of (Ga,Mn)As the effect
was observed by co-doping with Sn (Satoh et al., 2001),
Si (Wang et al., 2008c), Te and S (Scarpulla et al., 2008),
As vacancies (Mayer et al., 2010), and As antisite defects
(Myers et al., 2006; Sheu et al., 2007), as shown in Fig. 12.
On the other hand, co-doping with donors during the epi-
taxy can facilitate the incorporation of Mn in the substi-
tutional positions (Wang et al., 2008c), the effect partic-
ulary appealing if the donors could then be removed by
post-growth processing (Bergqvist et al., 2011).
Figure 13 presents temperature dependence of resis-
tance and magnetization in a series of Ga0.955Mn0.045As
samples differing by irradiation doses of Ne+ ions that
generate hole compensating defects. The resistance ex-
trapolated to zero temperature is finite in the weakly
irradiated samples but it diverges in the strongly com-
pensated case, witnessing the presence of the irradiation-
induced MIT. Interestingly, a ferromagnetism is observed
on its either side but the magnitudes of both TC and
saturation spontaneous magnetization MSat = M(T →
0, H → 0) decreases gradually when the degree of com-
pensation increases. This suggests that on reducing the
net hole concentration, at a given value of Mn den-
sity, not only TC but also the concentration of Mn spins
participating in the long range ferromagnetic order at
FIG. 13 (Color online) Temperature dependence of resistivity
(upper panel) and magnetization (lower panel) at various hole
densities changed by irradiation of a Ga0.955Mn0.045As film by
Ne+ ions. From Mayer et al., 2010.
T = 0, xeff, gets smaller. Similar results were ob-
tained for hydrogenated samples (Thevenard et al., 2007)
and a (Ga,Mn)P film irradiated with Ar+ ions (Winkler
et al., 2011). These data support the scenario of the
electronic and, hence, magnetic phase separation in the
vicinity of the MIT in DFSs, the effect enlarged by com-
peting ferromagnetic and antiferromagnetic interactions
(see, Sec. II.F).
Also post-growth hydrogenation reduces the hole den-
sity and turns (Ga,Mn)As into a paramagnet (Farshchi
et al., 2007; Goennenwein et al., 2004; Thevenard et al.,
2007). This process is entirely reversible by annealing
below 200oC (Thevenard et al., 2007). By employing lo-
cal reactivation using confined low-power pulsed-laser an-
nealing or by hydrogenation through a mask it was possi-
ble to pattern ferromagnetic structures with features size
below 100 nm (Farshchi et al., 2007), as shown in Fig. 14.
The ferromagnetism can be weakened even if the net
acceptor concentration is kept constant but additional
disorder enhances hole localization. For example, partial
anion substitution (As → P or As → N) (Stone et al.,
2008) or structure roughness introduced by excess Ga
15
The active ferromagnetic patterns can be made in the
sub-micrometer regime by using suitably sized SiO2
features to block the hydrogenation. For this purpose, a
200 nm SiO2 layer was deposited via e-beam evaporation
through a stencil mask placed in contact with a
5mm 5mm Ga0.96Mn0.04As sample. The stencil mask
contains arrays of square windows defined by e-beam
lithography, with the smallest windows being 250 nm on a
side. The sample was then exposed to the same hydro-
genation conditions mentioned above for 3 h followed by
oxide removal with HF. C-AFM images for arrays of
electrically active Ga1xMnxAs features prepared in this
fashion are shown in Fig. 3. The magnetic properties of
these features are expected to be similar to those of the
Hall-bar patterns described above as the same hydrogena-
tion conditions have been used.
An alternative technique for creating isolated Ga1x
MnxAs features in a passivated substrate is selective laser
depassivation. It is known that the hydrogen ions can be
dissociated from the Mn atoms via extended furnace
annealing at 190 1C [6], and consequently the magnetic
and transport properties of the as-grown film can be
restored. To produce isolated active regions, it is possible
to mimic the effect of furnace annealing locally using low-
power pulsed-laser annealing with a confined spot-size to
reactivate desired locations on the hydrogenated substrate.
For this purpose, Ga0.96Mn0.04As samples prepared via II-
PLM were hydrogenated repeating the above conditions
for 6 h. Laser annealing was then carried out using a Q-
switched Nd:YAG laser (l ¼ 532 nm, FWHM ¼ 4–6 ns) at
10Hz for 5min. The laser spot was focused with a 0.55NA
(50X) objective lens to a diameter of 4 mm. C-AFM
measurements for a feature made with a fluence of
65mJ cm2 are shown in Fig. 4. A large contrast in
contact conductance is accompanied by a highly uniform
topography, suggesting that under these conditions the
laser energy is sufficient to remove hydrogen but not suffi-
cient to induce significant structural damage or ablation.
To investigate the degree of magnetic reactivation, laser
annealing was carried out at a fluence of 65mJ cm2 using
a 3mm 3mm homogenized beam (with otherwise similar
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Fig. 3. C-AFM image of sub-micron Ga1xMnxAs features produced
with selective hydrogenation (3 h). Inset shows a scan on a single feature.
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FIG. 14 (Color onli e) Conductance atomic force microscopy
image of sub-micron (Ga,Mn)As features produced with se-
lective hydrogenation. Inset shows a scan on a single feature.
From Farshchi et al., 2007.
(Myers et al., 2006; Stone et al., 2008), the case depicted
in Fig. 12, lowered significantly TC values of (Ga,Mn)As.
This strong sensitivity of DFS properties to electronic
and structural disorder, together with uncertainties as-
sociated with the experimental determination of xeff and
p, account presumably for a dispersion in reported TC
values at given Mn and hole concentrations, and impede
theoretical interpretation of TC (Samarth, 2012; Wang
et al., 2013).
Figure 15 illustrates how co-doping of (Zn,Mn)Te with
shallow N acceptors triggers the ferromagnetism, the ef-
fect demonstrated also for (Cd,Mn)Te:N (Haury et al.,
1997), (Zn,Mn)Te:N (Ferrand et al., 2000), (Be,Mn)Te:N
(Sawicki et al., 2002), and (Zn,Mn)Te:P (Ke¸pa et al.,
2003). Similarly, ferromagnetism of Pb1−x−ySnyMnxTe
is brought about by holes originating from native defects–
primarily cation vacancies–generated by post-growth an-
neal ng (Story et al., 1986).
Also in the case of II-VI DMSs, such as (Zn,Mn)Te:N,
the effect of self-compensation challenges the progress in
raising the Curie temperature, where the magnitude of
achievable hole density by nitrogen doping decreases with
the Mn concentration (Ferrand et al., 2001). Further-
more, the MIT is shifted to higher hole concentrations, as
the acceptor binding energy is enhanced by magnetic po-
laron effects (Ferrand et al., 2001; Jaroszyn´ski and Dietl,
1985). Moreover, in the strong coupling limit, the Mn ion
can act as a hole trap, which hampers the possibility of
obtaining holes in the valence band (Dietl, 2008a). This
situation takes presumably place in (Zn,Mn)O, as wit-
nessed by the presence of a relatively large subbandgap
absorption corresponding to the photoionization process:
Mn2+ + ν →Mn2+ + h + e, where the hole is bound
to Mn2+ and the electron transferred to the conduction
band (Godlewski et al., 2010).
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FIG. 15 (Color online) Inverse magnetic susceptibility from
SQUID measurements (squares) for two p-Zn1−xMnxTe sam-
ples with similar Mn composition x ≈ 0.045 but different
hole concentrations. Solid lines show linear fit. The dotted
line presents the dependence expected for an undoped sample
with a similar Mn content. From Ferrand et al., 2001.
B. Controlling magnetic anisotropy by hole density and
strain
Together with magnitudes of TC and MSat, the charac-
ter and strength of magnetic anisotropy determine possi-
ble functionalities of any ferromagnet. In the subsections
below experimentally demonstrated manipulations with
orientation of magnetization are discussed taking into
account strain engineering by lattice mismatch to sub-
strates and strain relaxation in nanostructures as well as
by piezoelectric and elastic actuators. Microscopic the-
ory of these phenomena is outlined in Sec. IX.C, whereas
its comparison to experimental findings is presented in
Sec. X.D.
1. Magnetic anisotropy in films and nanostructures
Extensive magnetic (Sawicki, 2006), ferromagnetic res-
onance (FMR) (Cubukcu et al., 2010; Liu and Furdyna,
2006), magnetotransport (Glunk et al., 2009; Gould
et al., 2008; Tang et al., 2003) and magnetooptical
(Hrabovsky et al., 2002; Welp et al., 2003) studies of
(Ga,Mn)As and (Ga,Mn)(As,P) films deposited coher-
ently on (001) substrates [typically GaAs substrate or
relaxed (Ga,In)As buffer layer] allowed to establish how
the system energy depends on the direction of magneti-
zation ~M at a given external magnetic field ~H and bi-
axial strain imposed by lattice mismatch, quantified by
a relative difference between the lattice parameter of the
substrate and the free standing layer,
xx = yy = ∆a/a;
zz = −2xxc12/c11, (3)
where the ratio of elastic moduli c12/c11 = 0.453 in GaAs.
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FIG. 16 (Color online) In the coordinate system employed in
this paper x, y, and z axes are along [001], [010], and [001]
crystallographic axes, respectively. From Liu and Furdyna,
2006.
In a single domain state, according to the StonerWohl-
farth formalism, the functional of free energy density
contains contributions from the Zeeman energy, shape
(demagnetization) and crystalline magnetic anisotropies,
F = FZ + Fd + Fcr. To determine spatial orientation
of ~M , F is minimized with respect to θ and φ defined
in Fig. 16. It has been established that in order to de-
scribe experimental data, Fcr has to contain at least three
contributions (taken in the lowest order): cubic as well
as in-plane and out-of-plane uniaxial anisotropy terms.
Their relative magnitudes were found dependent on mag-
netization, hole density, and strain leading to a range of
spectacular phenomena, such as spin reorientation transi-
tions on varying temperature (Kamara et al., 2012; Saw-
icki et al., 2004; Thevenard et al., 2006; Wang et al.,
2005c; Welp et al., 2003), hole density (Khazen et al.,
2008; Sawicki et al., 2004, 2005; Thevenard et al., 2005,
2006) or strain imposed by piezoelectric stressors (Bihler
et al., 2008; Casiraghi et al., 2012; Overby et al., 2008;
Rushforth et al., 2008). This strong sensitivity to strain
means also that for anisotropy-related studies, samples
should be mounted in a way minimizing thermal stress.
Importantly, magnetization orientation can also be ma-
nipulated by gate voltage, electric current, and light, as
described in Secs. III.C-G.
Taking F( ~M ‖ [100]) as a reference energy the par-
ticular contributions to F in terms of assume then the
form,
FZ = −µ0 ~M ~H = (4)
−µ0MH[cos θ cos θH + sin θ sin θH cos(φ− φH)],
Fd = 1
2
µ0M
2m2z, (5)
and
Fcr = KC(m2xm2y +m2xm2z +m2ym2z) + (6)
+Kxymxmy +Kzzm
2
z,
where we have introduced magnetization directional
cosines mx = sin θ cosφ, my = sin θ sinφ, and mz =
cos θ; (θ, φ) and (θH , φH) are azimuthal and polar angles
of ~M and ~H, respectively (see, Fig. 16) and Ki are sam-
ple and temperature dependent fitting parameters (crys-
talline anisotropy energies) to experimental dependence
~M( ~H).1 These energies are related to the anisotropy
magnetic fields, µ0Hi = 2Ki/M , describing the strength
of the applied field allowing aligning of magnetization
along the hard axes. As required by time reversal sym-
metry, Fd and Fcr are even functions of M .
Because of a relatively low magnitude of spontaneous
magnetization (typically µ0M . 0.1 T), the strength of
the shape anisotropy field, µ0Hd = µ0M , is substantially
smaller in DFSs than in ferromagnetic metals. In con-
trast, the magnitude of crystalline anisotropy is rather
sizable. According to experimental studies referred to
above, each of the three contributions to crystalline mag-
netic anisotropy, displayed in Eq. 7, shows a specific pat-
tern:
Cubic anisotropy – Independently of epitaxial strain and
hole density, the value of KC was found positive in
(Ga,Mn)As (showing that the cubic easy axis is along
〈100〉) and corresponds to µ0HC of the order of 0.1 T
at T  TC. It decays rather fast with temperature,
KC ∼ M4(T ), consistently with the expected isotropy
of linear response functions in cubic systems requiring
that ∂2KC/∂M
2 → 0 for M → 0. In contrast, a negative
value of KC (corresponding to a 〈110〉 cubic easy direc-
tion) was reported for (In,Mn)As (Liu et al., 2005) and
(Ga,Mn)P (Bihler et al., 2007).
In-plane uniaxial anisotropy – No such anisotropy,
first observed in magnetotransport experiments on
(Ga,Mn)As (Katsumoto et al., 1998), is expected for the
D2d symmetry group corresponding to biaxially strained
(001) zinc-blende crystals. It was demonstrated that the
corresponding anisotropy field was independent of the
film thickness (Welp et al., 2004), pointing to the bulk,
not surface or interface, origin of this anisotropy, the con-
clusion consistent with no effect of film thickening by
etching on its presence (Sawicki et al., 2005). However,
as noted in Sec. II.D, according to theory (Birowska et al.,
2012), a surplus of the Mn dimer concentration along the
[1¯10] direction comparing to the [110] case is expected.
1 Differing conventions of parameterizing Fcr exist in the litera-
ture. For instance, the cubic term is often decomposed into in-
plane and perpendicular-to-plane components, which increases
the number of fitting parameters but is a priori justified by sym-
metry in the presence of a biaxial strain.
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FIG. 17 (Color online) Crystallographic orientation of the
uniaxial easy axis depending on the hole and Mn concen-
tration for as-grown (circles) and annealed (squares) 50-nm
thick Ga1−xMnxAs films. Open symbols mark samples with
the uniaxial easy axis oriented along the [1¯10] direction, full
symbols denote samples exhibiting the easy axis along [110].
Half-filled squares mark the two samples exhibiting easy axis
rotation to [110] on increasing temperature. The dashed
line marks the compensation free p-type Mn doping level in
(Ga,Mn)As. The thick gray line separates the two regions
of hole densities where, independently of being annealed or
not, at elevated temperatures the layers consistently show
the same crystallographic alignment of the uniaxial easy axis.
From Sawicki et al., 2005.
This lowers the symmetry to C2v (even in the absence of
any strain), for which distinct in-plane and out-of-plane
uniaxial anisotropies are allowed. Experimentally, the
value of an effective shear-like component Kxy is usually
positive (Zemen et al., 2009) (i. e., the corresponding
easy axis points along [1¯10] direction), and µ0Hxy is typ-
ically of the order of 0.02 T at T  TC, so that it is
smaller than µ0HC. It was found (Sawicki et al., 2005)
that at appropriately high hole concentrations the uni-
axial easy axis flips to the [110] direction, as shown in
Fig. 17, the effect often occurring only at sufficiently high
temperatures, TC/2 . T 6 TC (Kopecky´ et al., 2011;
Proselkov et al., 2012; Sawicki et al., 2005). Further-
more, since comparing to KC, Kxy decays slower with
temperature, Kxy ∼ M2(T ), a spin reorientation tran-
sition 〈100〉 → [1¯10] is observed on increasing tempera-
ture in the range T . TC/2 (Kamara et al., 2012; Wang
et al., 2005c; Welp et al., 2003), the effect illustrated in
Fig. 18. A competition between cubic and in-plane uniax-
ial magnetic anisotropies were also found for (In,Mn)As
(Liu et al., 2005) and (Ga,Mn)P (Bihler et al., 2007).
Out-of-plane uniaxial anisotropy – According to exper-
imental studies of (Ga,Mn)As on InyGa1−yAs (Glunk
et al., 2009) and of (Ga,Mn)As1−yPy on GaAs (Cubukcu
et al., 2010) as a function of y and, thus, epitaxial (biax-
ial) strain zz, the anisotropy energy Kzz can be decom-
posed into two contributions.
One is linear in zz, µ0Hzz = Azz, corresponding to
Temperature (K)
40
FIG. 18 Temperature dependence of the angle of the easy
axis with respect to the [110] direction. The inset shows the
magneto-optical contrast around an 80-µm hole at 16 and 34
K, which identifies the moment orientation at a zero magnetic
field. From Welp et al., 2003.
the in-plane and perpendicular-to-plane crystalline mag-
netic anisotropy for compressive and tensile strain, re-
spectively. According to studies up to |zz| ≈ 0.4%, A
can reach a magnitude of the order of +1 T/% (Cubukcu
et al., 2010; Glunk et al., 2009) but |A| decreases, or
even changes sign when diminishing hole density at a
fixed compressive (Khazen et al., 2008; Sawicki et al.,
2004; Thevenard et al., 2005) or tensile strain (Thevenard
et al., 2006). For hole concentrations p ≈ 1020 cm−3 cor-
responding to the vicinity of the spin reorientation tran-
sitions (001) [001], the transition can occur on chang-
ing temperature (Sawicki et al., 2004; Thevenard et al.,
2006). Similarly to (Ga,Mn)As with high hole concentra-
tions, also (In,Mn)As shows perpendicular-to-plane ori-
entation of the easy axis for a tensile strain, imposed by
either (Ga,Al)Sb (Liu et al., 2004; Munekata et al., 1993;
Ohno et al., 2000) or InAs substrate (Zhou et al., 2012),
whereas the easy axis is in-plane under a compressive
strain [produced by an (In,Al)As substrate] (Liu et al.,
2005). Interestingly, an opposite relation between the
strain character and easy axis direction, consistent with
the findings for (Ga,Mn)As with low carrier density, was
observed for p-(Cd,Mn)Te:N (Kossacki et al., 2004b), as
shown in Fig. 19 as well as for (Al,Ga,Mn)As (Takamura
et al., 2002) and (Ga,Mn)P (Bihler et al., 2007), presum-
ably because of low net hole concentrations in all these
cases.
Another contribution to Kzz found in (Ga,Mn)As films
is strain independent term leading to a non-zero out-of-
plane uniaxial anisotropy term even for zz = 0 (Cubukcu
et al., 2010; Glunk et al., 2009). The corresponding
value is of the order of µ0Hzz ≈ 0.1 T. Its positive sign
means that this anisotropy, along with the demagnetiza-
tion term, enlarges a tendency to the in-plane orientation
of the easy axis. As already mentioned, this contribution,
unexpected within the group theory for a zinc-blende al-
loys having a random distribution of constituents, is as-
18
0 2 4 6 8 0 2 4 6 8
FIG. 19 (Color online) Determination of easy directions in
p-(Cd,Mn)Te modulation doped quantum wells with only
the ground state hole subband occupied under compressive
(a) and tensile epitaxial strain (b). Curie-Weiss behavior
above Curie temperature was obtained from photolumines-
cence measurements in the magnetic field parallel and per-
pendicular to the growth axis z (points). The line splitting,
proportional to weak-field Mn magnetization, is presented in
relative units. The straight lines are drawn through experi-
mental points. Adapted from Kossacki et al., 2004b.
signed to a surplus of [1¯10] Ga-substitutional Mn dimers
(Birowska et al., 2012).
Appropriately modified forms of Fcr were found to de-
scribe ~M( ~H) for (Ga,Mn)As grown on a (113)A GaAs
substrate (Dreher et al., 2010; Limmer et al., 2006; Ste-
fanowicz et al., 2010a; Wang et al., 2005b). In this
case, however, four (not two) contributions to Fcr are
allowed by symmetry and, in fact, describe magnetic and
FMR data (Stefanowicz et al., 2010a). They correspond
to cubic KC, biaxial Kzz, and two shear-like, Kxy and
Kxz = Kyz anisotropy energies (the axes of the coor-
dinate system are taken along main crystallographic di-
rections). Similarly to the case of (001) substrates dis-
cussed above, the spin reorientation transition from the
biaxial 〈100〉 anisotropy at low temperatures to uniax-
ial anisotropy with the easy axis along the [1¯10] direc-
tion at high temperatures is observed (around 25 K).
As evidenced by investigations of the polar magnetoop-
tical Kerr effect, a declined orientation of the easy axes
with respect to the film plane and the film normal allows
the perpendicular-to-plane component of magnetization
to be reversed by an in-plane magnetic field (Stefanowicz
et al., 2010a).
A specific strain distribution in (Ga,Mn)As nanostruc-
tures, either in the form of nanobars patterned litho-
graphically (Hu¨mpfner et al., 2007; King et al., 2011)
or shells deposited onto GaAs nanowires (Rudolph et al.,
2009), was found to result in the easy axis orientation
along the nanostructure long axis. The magnitude of the
observed anisotropy field was much larger than expected
FIG. 20 (Color online) Voltage-induced in-plane magnetiza-
tion rotation at 50 K and in 10 mT, determined from longi-
tudinal and transverse (Hall) resistances (open and full cir-
cles, respectively), in a Ga0.955Mn0.045As film cemented to a
piezoelectric actuator, demonstrating a reversible change of
magnetization direction by about 70o by the application of a
voltage. Magnetic field and magnetization angles (α and β,
respectively) are measured in respect to the [110] direction of
current and main expansion of the actuator. The hysteretic
behavior is caused by the actuator. From Goennenwein et al.,
2008.
for the corresponding shape anisotropy, pointing to the
importance of crystalline and strain effects. In the case
of rectangular nanobars the epitaxial in-plane strain is
retained along the bar long axis but it is partly relaxed
in the transverse direction, as confirmed by finite element
calculations (King et al., 2011; Wenisch et al., 2007) and
observed by x-ray reciprocal space mapping (King et al.,
2011; Wenisch et al., 2007). It was possible to rotate the
easy axis by 90o by nanopatterning (King et al., 2011).
Magnitudes of possible surface or interface magnetic
anisotropies have not yet been assessed for DFSs.
2. Piezoelectric and elastic actuators
A strong sensitivity of magnetic anisotropy to strain
makes it possible to manipulate magnetization direc-
tions by an electric field in hybrid structures consist-
ing of a DFS film cemented to a piezoelectric actuator.
This appealing method was successfully demonstrated for
(Ga,Mn)As by applying a voltage-controlled strain along
either 〈110〉 (Casiraghi et al., 2012; Goennenwein et al.,
2008; Rushforth et al., 2008) or 〈100〉 (Bihler et al., 2008;
Overby et al., 2008) directions of (Ga,Mn)As. In this
way, rotation of the easy axis form either [1¯10] or 〈100〉
directions by about 70o was possible at appropriately se-
lected temperature and magnetic field values, as shown in
Fig. 20. Importantly, an elaborated sequence of applied
magnetic fields and voltages was found to switch mag-
netization in an irreversible fashion, showing a road for
developing a novel voltage-controlled memory cell (Bihler
et al., 2008).
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FIG. 21 (Color online) Frequency response for various µ0H =
1 T field directions (z is out of the plane) of a suspended beam
containing as-grown 50-nm thick Ga0.948Mn0.052As. Ampli-
tude is normalized for clarity. Inset: axis directions and the
scanning electron microscope image of the beam of the length
6 µm and thickness 0.18 µm with an Au side gate. From
Masmanidis et al., 2005.
Magneto-elastic properties of (Ga,Mn)As were also
studied by determining eigenfrequencies of nanoelec-
tromechanical resonator as a function of temperature and
magnetic field orientation, as shown in Fig. 21 (Masman-
idis et al., 2005). This experiment was described by con-
sidering a contribution Fme to the system free energy as-
sociated with additional strain ij imposed by vibrations.
By combining Fme with an elastic energy of the host lat-
tice, it was possible to determine how stress σij and, thus,
the frequency of the (Ga,Mn)As nanoelectromechanical
resonator should vary with the magnetic field orientation.
It was found that the low temperature results can be de-
scribed by first order magnetostriction coefficients, λ100
and λ111, but above 20 K a second order magnetostric-
tion, characterized by a parameter h3, had to be taken
into account in order to describe the data.
C. Manipulation by an electric field
Since ferromagnetism in DFSs is hole-mediated, one
can turn on and off the magnetic phase by controlling
the number of holes in the system without changing the
temperature, which can be done electrostatically by ap-
plying an electric field EG to the ferromagnetic semicon-
ductor layer of interest. This was demonstrated using
a thin (In,Mn)As ( 5 nm) as a channel layer of a metal-
insulator-semiconductor field-effect transistor (MISFET)
with a polyimide insulator (Ohno et al., 2000) and a mod-
ulation doped p-(Cd,Mn)Te 8 nm thick quantum well
placed in the intrinsic region of a p-i-n diode (Boukari
et al., 2002). An appropriate strain engineering resulted
in the easy axis perpendicular to the layer plane and
allowed to probe magnetization through the anomalous
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FIG. 22 (Color online) Magnetization hysteresis loops deter-
mined by measurements of anomalous Hall effect at constant
temperature of 22.5 K for various gate voltages in field-effect
transistor with (In,Mn)As channel. The data in a wider field
range are shown in the inset. Adapted from Ohno et al., 2000.DIETL et al.: FERROMAGNETIC SEMICONDUCTOR HETEROSTRUCTURES FOR SPINTRONICS 947
Fig. 2. Effect of (a) temperature, (b) bias voltage, and (c) illumination on the photoluminescence of the structure consisting of modulation-doped p-(Cd,Mn)Te
quantum well and n-type barrier. (a) Zero-field line splitting (marked by arrows) witnesses the appearance of a ferromagnetic ordering, (b) which does not show
up if the quantum well is depleted from the holes by reverse bias of p-i-n diode. (c) Low-temperature splitting is enhanced by additional illumination by white
light, which increases hole concentration in the quantum well from the initial value of 2× 1011 cm−2 (the lowest trace) up to about factor of two higher (the
uppermost trace) (after [40]).
field of |EG = VG/t| = 1.5 MV/cm changes several percents
of total hole c c ntration p. This reversible change of TC by
EG = ±1.5 MV/cm, which was determined using the Arrott
plots, can be as large as 4 K for 4-nm thick (In,Mn)As [39].
This is a definite proof that the ferromagnetism in this ma-
terial is hole induced. Another effect of EG is the change
of coercive force Hc, at which magnetization reverses its di-
rection, i.e., greater (smaller) Hc for negative (positive) EG.
By using this phenomenon, a new scheme of magnetization
reversal, i.e., an electric-field-assisted magnetization reversal,
has been demonstrated [39]. Under a certain applied field H ,
Hc is electrically modified from its original |Hc| > |H| to
|H ′c| < |H|, thereby electrically triggering the magnetization
reversal. Once TC becomes high enough, this scheme may be
useful for f tur magnetic-field-recording technology, where
the magnetic anisotropy for retaining information becomes so
large that it is almost impossible to change the magnetization
direction by field alone. Although there have only been limited
success on (Ga,Mn)As [52], recent progress in low-temperature
deposition of high-quality insulator made it possible to observe
similar electrical modulation of TC and Hc in (Ga,Mn)As [53].
The change of magnetic properties and Hc in (In,Mn)As has
also been demonstrated by light irradiation, where the photo-
generated carriers play a role [37], [54]. Due to the existence of
persistent photoconductivity, the phenomena are not reversible
at a given temperature: In order to return to its original state,
the sample needs to be heated. The magnetization enhancement
of (Ga,Mn)As by circularly polarized light illumination has also
been observed for (Ga,Mn)As and Mn δ-doped GaAs [52], [55].
In the case of Mn-based II–VI DMS, tuning of the ferro-
magnetic field by electric field and light was demonstrated in
the case of modulation-doped p-(Cd,Mn)Te/(Cd,Mg,Zn)Te:N
heterostructures [7], [40], as depicted in Fig. 2. Actually, these
findings can be quantitatively interpreted [40], [56] by con-
sidering the effect of the electric field or illumination on the
hole density under stationary conditions and, therefore, on the
Curie temperature in the relevant magnetic layers. Interestingly,
according to experimental findings and theoretical modeling,
the photocarriers generated in II–VI systems by the afore-
mentioned barrier illumination destroy ferromagnetic order in
the magnetic quantum well residing in an undoped (intrinsic)
region of the p-type–intrinsic–p-type (p-i-p) structures [7], [40],
but the photocarriers enhance the magnitude of spontaneous
magnetization in the case of the p-type–intrinsic–n-type (p-i-n)
diodes [40], as shown in Fig. 2. This dissimilarity originates
from the fact that the bands’ bending drives photoelectrons
toward the quantum well in the p-i-p structures, where they
diminish the carrier-mediated ferromagnetism by recombining
with the preexisting holes. By contrast, in the case of the p-i-n
structures, the ferromagnetism is enhanced, as the photoholes
now migrate toward the quantum well [40].
A possibility of controlling ferromagnetic correlation by
the gate voltage has also been demonstrated in the case
of n-type modulation-doped (Cd,Mn)Te/(Cd,Mg)Te:I hetero-
structures, albeit typically below 1 K [57], [58]. In partic-
ular, it has been found that a strong increase of resistance
on lowering temperature and the associated colossal negative
magnetoresistance [57] reflect a nonuniform spatial distribution
of the electrons at the localization boundary. In the regions
where the carrier density is large, ferromagnetic correlation
sets in, which results in the appearance of randomly oriented
ferromagnetic bubbles. Similar to the case of manganites, this
leads to carrier localization and a corresponding significant
increase of resistance at low temperatures, which, however,
FIG. 23 (Color online) Effect of temperature (a), bias volt-
age (b), and illu ination (c) on photoluminescence of struc-
ture consisting of modulation doped p-(Cd,Mn)Te quantum
well and n-type barrier. Zero-field line splitting (marked by
arrows) witnesses the a pearance of a ferromagnetic order-
ing (a) which does not show up if the quantum well is de-
pleted from the holes by reverse bias of p-i-n diode (b). Low-
temperature splitting is enhanced by additional illumination
by white light (c), which increases hole concentration in the
quantum well. Adapted from Boukari et al., 2002.
Hall effect (Ohno et al., 2000) and splitting of the lumi-
nescence line (Haury et al., 1997), as shown in Figs. 22
and 23, respectively.
Another effect of gating is the change of t coercive
forc Hc at which magnetizati n rev rses its direction;
greater (smaller) Hc for negative (positive) EG. By using
this phenomenon, a new scheme of magnetization rever-
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sal, an electric-field assisted magnetization reversal, was
demonstrated for (In,Mn)As (Chiba et al., 2003). Un-
der a certain applied field H, Hc is electrically modified
from its original |Hc| > |H| to |H ′c| < |H|, thereby elec-
trically triggering the magnetization reversal. Once TC
becomes high enough, this scheme can be useful for future
magnetic field recording technology, where the magnetic
anisotropy for retaining information becomes so large
that it is almost impossible to change the magnetization
direction by field alone.
Although there have only been limited success on
(Ga,Mn)As (Nazmul et al., 2004), recent progress in
low-temperature deposition of high-quality gate oxides
by atomic layer deposition made it possible to observe
electrical modulation of ferromagnetism in (Ga,Mn)As
(Chiba et al., 2006a, 2010; Sawicki et al., 2010),
(Ga,Mn)Sb (Hsiao Wen Chang et al., 2013), and (Ge,Mn)
(Xiu et al., 2010). For such oxides, the gate-induced
changes in the areal carrier density reach 3× 1013 cm−2,
which for a typical value of the Thomas-Fermi screening
length would result in the amplitude of the hole variation
about 3×1020 cm−3, and the correspondingly high mod-
ulation of TC. However, the Fermi level is often pinned by
gap surface states, which limit the TC changes to about
20 K in (Ga,Mn)As (Chiba et al., 2006a, 2010; Nishitani
et al., 2010; Sawicki et al., 2010), even if a polymer elec-
trolyte is employed (Endo et al., 2010a). A theoretical
description of these and related data (Stolichnov et al.,
2011) is discussed in Sec. X.A.2.
As elaborated in the previous section, also magnetic
anisotropy, which determines the magnetization direc-
tion, depends on the hole concentration in DFSs. By
applying an electric field and by using anisotropic mag-
netoresistance (Chiba et al., 2008a) as well as direct
magnetization measurements (Chiba et al., 2008a; Saw-
icki et al., 2010), the effect of the electric field on in-
plane magnetization orientation was evidenced in MIS-
FET of (Ga,Mn)As and high-k oxide as a gate insula-
tor. As demonstrated by Hall effect measurements, a
fourfold change in the value of the out-of-plane uniax-
ial anisotropy field was achieved by gating an ultrathin
ferromagnetic (Ga,Mn)As/(Ga,Mn)(As,P) bilayer (Niazi
et al., 2013).
An important variant of gating is the application of
ferroelectric overlayers allowing for a non-volatile and
subnanosecond change in interfacial hole density, the
method successfully employed to demonstrate the manip-
ulation of TC by an electric field in (Ga,Mn)As (Riester
et al., 2009; Stolichnov et al., 2011, 2008).
Manipulation of magnetism by gating was also demon-
strated for (Ge,Mn) films (Park et al., 2002) and quan-
tum dots (Xiu et al., 2010). In the former case, an en-
hancement and a reduction of TC was demonstrated at
50 K by applying ∓5 V through an SiNx gate insulator
to a 60-nm thick Ge0.977Mn0.023 film on Ge(001). Self-
assembled Ge0.95Mn0.05 dots were deposited on a p-Si
substrate and covered by a 40-nm thick Al2O3 gate insu-
lator. In was shown by SQUID measurements that pos-
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Fig. 5. TMR of (Ga,Mn)As/GaAs/(Ga,Mn)As under the magnetic field along
the [100] crystalline direction measured at low temperatures (after [28]).
Fig. 6. Resistance changes ∆R after current-pulse injection for a 1.5×
0.3 µm2 device at 30 K. Closed circles show ∆R for initially parallel magne-
tizations (configuration A, which was obtained by magnetizing the system in a
high field), and open triangles show∆R for initial configuration C (antiparallel
magnetizations, which are obtained by cycling the field below the coercive
field of the magnetically harder layer). The inset shows the current–voltage
characteristic of the device (after [41]).
ferromagnetic electrode to the other across the tunnel barrier
exerts torque between the two electrodes, and its direction
depends on the flow of spin, i.e., on the current direction. In
a sufficiently small MTJ, torque can reach a threshold value
above which magnetization reversal takes place. This is called
CIMS. In submicrometer (Ga,Mn)As MTJ, CIMS has been
observed [30], [41]. In the case of the RP state, the current
pulse injected from the thicker to thinner (Ga,Mn)As induces
the magnetization reversal in the thinner (Ga,Mn)As, which
results in the RAP state. The opposite current direction results
in the RP state. This is shown in Fig. 6. Critical current
density jC for switching is of the order of 104–105 A/cm2.
CIMS in (Ga,Mn)As MTJ can be qualitatively understood by
Slonczewski’s spin-transfer torque model [41], although the
model predicts jC of greater an order of magnitude than the
observed one.
Fig. 7. Velocity of magnetic DW as a function of current density at various
device temperatures. The thin broken lines show a fitted theoretical dependence
of the velocity on the current density (after [43]).
A very large TAMR of up to 150 000% has been reported
for (Ga,Mn)As-based MTJ in vertical and lateral device struc-
tures [31]–[34]. Although further work is needed to establish
firmly the origin of TAMR [29], it has been attributed to
the anisotropic valence-band structure induced by the spin-
orbit interaction and lattice strain in combination with the
metal–insulator transition and correlation effects.
VI. CURRENT-INDUCED DW MOTION
Magnetic domains are formed in a ferromagnet as a result
of competition between exchange energy (which tries to align
all the spins) and magnetostatic energy (which tries to align
magnets antiparallel). The transition region between the do-
mains, in which localized spins (Mn spins in our case) gradually
change its direction, is called a DW. Spin-polarized currents
interact with DW and, once a threshold is passed, can displace
the DW, resulting in the magnetization reversal of a region
swept by the DW. Although such a current-induced DW motion
has been of interest for many years, the DW switching has
been demonstrated, and DW velocity as a function of current
density j with temperature as a parameter has been measured
very recently and only in a (Ga,Mn)As structure [42], [43].
We used a 5-µm-wide 20-nm-thick (Ga,Mn)As channel with
its magnetic easy axis perpendicular to the plane to observe
the current-induced DW motion; this easy-axis direction is
useful in monitoring the DW position through the anomalous
Hall effect and by the magnetooptical Kerr effect (MOKE)
microscope. The area swept by the DW was measured by
MOKE as a function of current-pulse duration to determine
the effective DW velocity veff . A small increase in the sample
temperature was corrected by using the temperature-dependent
sample resistance as a thermometer. The current dependence of
veff at a fixed temperature showed that there are at least two
regimes that are separated by critical current density jC , which
is of a few 105 A/cm2, as shown in Fig. 7. Above jC , veff
increased almost linearly with j; below jC , the DW velocity
was much reduced, and its functional form was much more
involved. The linear dependence of veff above jC and the
FIG. 24 (Color online) Resistance changes ∆R after current
pulse injection for 1.5×0.3 µm2 device at 30 K. Closed circles
show ∆R for initially parallel mag etizations (configuration
A) and open triangles for initial configuration C (antiparallel
magnetizations). The inset shows current-voltage character-
istic of the device. From Chiba et al., 2004b.
itive gate voltage up to 40 V reduced a saturation value
of magnetization tenfold at 50 K and by 30% at 100 K.
Another interesting case constitutes magnetically
doped topological insulator (Bi,Mn)2(Te,Se)3 showing in
the bulk form hole-mediated ferromagnetism with TC of
12 K (Checkelsky et al., 2012). In contrast, no conduc-
tivity and ferromagnetism were observed in few nm-thick
flakes put on a SiO2/doped-Si wafer, presumably because
of cleavage-induced hole comp ns ting defect . However,
the application of a strong negativ electric field across
SiO2 allowed to restore hole conductivity and ferromag-
netism characterized by TC up to 12 K.
D. Current-induced magnetization switching
When current flows through a ferromagnetic layer, the
current becomes spin-polarized. In magnetic tunnel junc-
tions (MTJs), the flow of spins from one ferromagnetic
electrode to the other across the tunnel barrier exerts a
torque between the two electrodes, and its direction de-
pends on the flow of spin, i.e., on the current direction.
In sufficiently small MTJs, the torque can reach a thresh-
old value above which magnetization reversal takes place.
This is so-called current-induced magnetization switch-
ing (CIMS) that was observed in submicron (Ga,Mn)As
MTJs (Chiba et al., 2004b; Elsen et al., 2006), as shown
in Fig. 24. The critical current density jc for switching is
of the order of 104–105 A/cm2, and can be qualitatively
understood by Slonczewski’s spin-transfer torque model
(Chiba et al., 2004b), although for the assumed value of
the Gilbert damping constant αG the model resulted in
an order of magnitude greater jc than the observed one.
Another appealing method, particularly in the context
of DFSs, is magnetization manipulation by an effective
magnetic field produced by an electric current through
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spin-orbit coupling, as opposed to the Oersted effect. It
is well known that in confined 2D systems there appear
terms linear in k coupled to the electron spin. In partic-
ular, the corresponding Rashba field was shown to gen-
erate current-dependent shift of electron spin-resonance
in an asymmetrical quantum well of n-Si (Wilamowski
et al., 2007). It was suggested theoretically (Bernevig and
Vafek, 2005) and demonstrated experimentally that suffi-
ciently strong current, via spin-orbit coupling in strained
(Ga,Mn)As (see, Eq. 27), can serve to rotate magneti-
zation by 90o (Chernyshov et al., 2009) or even by 180o
(Endo et al., 2010b) in (Ga,Mn)As films.
E. Current-induced domain wall motion
Magnetic domains are formed in a ferromagnet as a re-
sult of competition between exchange energy (which tries
to align all the spins) and magnetostatic energy (which
tries to align magnets antiparallel). The transition re-
gion between the domains, in which localized spins (Mn
spins of magnetization M in our case) gradually changes
its direction, is called a domain wall (DW). Spin polar-
ized currents interact with DW and once a threshold jc is
passed can displace the DW, resulting in magnetization
reversal of a region swept by the DW. Although such a
current-induced DW motion has been of interest for many
years in the context of metallic ferromagnets, the DW
switching without assistance of a magnetic field was first
demonstrated for (Ga,Mn)As films (Yamanouchi et al.,
2004).
In microtracks of (Ga,Mn)As (Adam et al., 2009; Ya-
manouchi et al., 2006, 2004, 2007) and (Ga,Mn)(As,P)
(Curiale et al., 2012; Wang et al., 2010a) with the easy
axis perpendicular to the film plane, DW displacement
under current pulses was monitored by magneto-optical
Kerr microscopy. As shown in Fig. 25, a similar depen-
dence of DW velocity v on the current density j were
found for these two material systems (Curiale et al., 2012;
Yamanouchi et al., 2006).
These findings were interpreted by the generalized
Landau-Lifshitz-Gilbert equation containing, as dis-
played in Appendix, current-induced adiabatic and non-
adiabatic spin torques, accounting for transfer of spin
momenta from current carriers to Mn ions. In partic-
ular, Wang et al., 2010a; Yamanouchi et al., 2006 pre-
sumed the dominance of the adiabatic spin torque, i. e.,
βw/αG  1, the assumption leading to (Tatara and
Kohno, 2004) v = A(j2−j2c )1/2 for j > jc. Here, in terms
of spin current polarization Pc and DW width δW (dis-
cussed theoretically in Secs. IX.E and X.F, respectively),
A = gµBPc/2eM and jc = 2eKδW/pi~Pc, where in the
perpendicular case the relevant magnetic anisotropy en-
ergy of DW spins is K = µ0M
2/(2 + 4δW/pit), where t
is the film thickness. The experimental values of both A
and jc, implied by the data in Fig. 25, are in quantita-
tive agreement with this theory. Moreover, this approach
explains why no current-induced DW displacement was
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FIG. 25 (Color online) Velocity of magnetic domain wall
as a function of current density at various tempera-
tures (corrected for current-induced heating) below TC for
(Ga0.9Mn0.1)(As0.89P0.11) [adapted from Curiale et al., 2012]
and Ga0.955Mn0.045As [inset, adapted from Yamanouchi et al.,
2006]. The thin dashed limes show the expected theoretical
dependence.
observed for the in-plane easy axis (Tang et al., 2006), as
jc is then determined by Kcr  K. Within this model,
DW motion at j > jc is accompanied by in-plane Mn
spin precession.
On the other hand, Curiale et al., 2012 (see also Adam
et al., 2009) interpreted their data assigning non-zero val-
ues of jc to extrinsic DW pinning and allowing for a large
magnitude of the non-adiabatic spin torque (present due
to spin-orbit interactions), βw/αG & 1 (Garate et al.,
2009; Hals et al., 2009; Zhang and Li, 2004). In this
case, v = Aj at j  jc, the regime corresponding within
this model to steady state DW flow without Mn spin
precession.
In the subthreshold regime, j < jc, the DW velocity
was found to decay exponentially when reducing j, indi-
cating that DW displacement proceeded through current-
induced creep (Curiale et al., 2012; Yamanouchi et al.,
2006, 2007). Over the exploited range of j and T , v(j)
assumed a scaling form (Yamanouchi et al., 2006, 2007)
ln v = a−bj−µ, where a ∝ (TC−T )ρ, b ∝ (TC−T )σ. Em-
pirically (Yamanouchi et al., 2006, 2007), µ = 0.4 ± 0.1
and σ = 2 ± 0.2 (the value of ρ is uncertain but prob-
ably around 1). Interestingly, for DW creep generated
by a magnetic field H, the scaling equation assumed a
similar form (with j replaced by H). However, in agree-
ment with theoretical considerations, the values of the
exponents were different, emphasizing the unalike role of
these two DW driving mechanisms (Yamanouchi et al.,
2007).
Domain wall dynamics in the magnetic field, partic-
ularly mobility, pining, and flexing were examined in
(Ga,Mn)As and (Ga,Mn)(As,P) with perpendicular easy
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axis by spatially resolved magnetooptical and Hall effects
(Balk et al., 2011; Dourlat et al., 2008; Thevenard et al.,
2011).
An issue obviously related to current-induced DW mo-
tion is DW resistance that, in general, consists of ex-
trinsic Rext and intrinsic Rint components. The for-
mer is brought about by a non-uniform current distri-
bution associated with differences in magnitudes of con-
ductivity tensor components σij( ~M) on the two sides
of the DW. It was demonstrated (Chiba et al., 2006b;
Roberts et al., 2007; Wang et al., 2010b; Xiang and
Samarth, 2007), by solving the current continuity equa-
tion div[σˆ(x, y)gradV (x, y)] = 0, that the extrinsic term
dominates in (Ga,Mn)As with both perpendicular (Chiba
et al., 2006b; Wang et al., 2010b) and in-plane easy axis
(Tang et al., 2004) as well as explains the corresponding
magnetoresistance (Xiang and Samarth, 2007).
Nevertheless, if DW cross sections A were sufficiently
small, Rint could be revealed, as shown for 25 nm thick
Ga0.95Mn0.05As bars of the width from 150 down to 4 µm
and with the strain-induced perpendicular orientation of
the easy axis (Chiba et al., 2006b; Wang et al., 2010b).
For samples containing etched steps that pinned DWs,
RintA ' 0.5 Ωµm2 (Chiba et al., 2006b) and 0.15 Ωµm2
(Wang et al., 2010b) for films with TC = 80 and 122 K,
respectively. These values are much larger than RintA
evaluated from the measured magnitude of anisotropic
magnetoresistance (AMR) for the Bloch DW in strained
films in question. However, if DWs were pinned by linear
defects, the value below experimental resolution, RintA =
0.01±0.02 Ωµm2, was found (after subtracting the AMR
contribution) for the sample with TC = 122 K (Wang
et al., 2010b). Theoretically predicted DW resistances in
(Ga,Mn)As (see, Sec. X.F) are within this range.
F. Magnetization manipulation by light
It was demonstrated that light irradiation affects mag-
netic properties and, in particular, changes the magni-
tude of the coercive field in (In,Mn)As/GaSb heterostruc-
tures (Koshihara et al., 1997; Oiwa et al., 2001). The
effect was attributed to persistent photoconductivity,
that is with the light-induced increase of hole density
in (In,Mn)As associated with trapping of photoelectrons
by deep levels, which was not reversible at a given tem-
perature – in order to return to the original state, the
sample had to be heated.
In the case of Mn-based II-VI DMS reversible tuning
of magnetism by light was demonstrated in the case of
modulation doped p-(Cd,Mn)Te/(Cd,Mg,Zn)Te:N het-
erostructures (Boukari et al., 2002; Haury et al., 1997),
as depicted in Fig. 23 and discussed theoretically in
Sec. X.A.3. Interestingly, illumination with photons of
energies above the barrier band gap destroys ferromag-
netic order if the magnetic quantum well (QW) resides
in an undoped (intrinsic) region of a p-i-p structure.
Here, the holes are effectively transferred from the QW
to acceptors in the (Cd,Mg,Zn)Te barrier (Boukari et al.,
2002; Haury et al., 1997). In contrast, illumination en-
hances the magnitude of spontaneous magnetization in
the case of a p-i-n diode in which photoholes accumulate
in the (Cd,Mn)Te QW (Boukari et al., 2002), as shown
in Fig. 23.
Reversible changes of magnetization by circularly po-
larized light were witnessed by Hall effect measurements
for (Ga,Mn)As and Mn δ-doped GaAs (Nazmul et al.,
2004; Oiwa et al., 2002). The magnitude of the Hall
voltage (and hence, presumably, the magnitude of mag-
netization along the growth direction) either increased or
decreased depending on the helicity of impeding light.
All-optical switching of magnetization between two
non-equivalent cubic in-plane directions was demon-
strated in (Ga,Mn)As microbar employing a scanning
laser magnetooptical microscope (Aoyama et al., 2010).
Lithography-induced strain relaxation contributed signif-
icantly to the magnitude of uniaxial anisotropy. External
magnetic field served to magnetize the sample along the
harder cubic direction but was not applied during the
switching. Light served primarily to elevate temperature
to T > TC/2 at which cubic and uniaxial anisotropy en-
ergies became nearly equal (Sec. III.B.
Another interesting case is (Ge,Mn)Te, which de-
posited at low temperature is amorphous and param-
agnetic, presumably because dangling bonds associated
with lattice point defects (vacancies) are reconstructed in
the amorphous network and do not provide holes. A laser
or electron beam triggers a local lattice recrystallization,
allowing to pattern ferromagnetic nanostructures (Knoff
et al., 2011).
Particularly informative and relevant for fast magne-
tization manipulation is subpicosecond magneto-optical
two-color Kerr spectroscopy and related magnetization
sensitive time-resolved methods. Here, we discuss exper-
iments in which illumination generated incoherent mag-
netization dynamics; the data pointing to coherent mag-
netization precession are described in the subsequent sub-
section.
In the case of a Ga0.98Mn0.02As film with in-plane
magnetization, circularly polarized 0.1 ps pulses with the
fluence of 10 µJ/cm2 resulted in a transient Kerr effect
(Kimel et al., 2004). The determined spectral depen-
dence of the Kerr effect was similar to that observed in a
static magnetic field of 1 mT along the growth direction
(Kimel et al., 2004).
Extensive time-resolved studies with linearly polarized
pumping pulses were carried out for (Ga,Mn)As (Ko-
jima et al., 2003; Wang et al., 2007b) and (In,Mn)As
(Wang et al., 2005a), and revealed the presence of fast
(< 1 ps) and slow ( 100 ps) processes. The fast compo-
nent rapidly grew with pump power, saturated at high
fluences (> 10 mJ/cm2), and indicated a quenching of
ferromagnetism on a subpicosecond timescale, also when
the holes were excited via intra valence band transitions
(Wang et al., 2008a). A detailed quantitative theoretical
study (Cywin´ski and Sham, 2007) demonstrated that the
23
inverse Overhauser effect, that is dynamic demagnetiza-
tion of Mn spins by sp− d spin exchange with photocar-
riers, accounted for the fast process, whose timescale was
determined by carriers’ energy relaxation. In contrast,
the slow component at low fluences (∼10 µJ/cm2) corre-
sponded to a recovery of ferromagnetic order or even en-
hancement of TC by an enlarged carrier density, the effect
appearing on the timescale of spin-lattice relaxation and
persisting up to photohole lifetime (Wang et al., 2007b).
However, a substantial rise of lattice temperature dom-
inated at high fluences leading to a complete destruc-
tion of ferromagnetism (Cywin´ski and Sham, 2007; Wang
et al., 2005a).
G. Coherent control of magnetization precession
In a series of experiments on (Ga,Mn)As trains of sub-
picosecond pulses of light with photon energies near the
band gap (Hashimoto et al., 2008; Neˇmec et al., 2012; Qi
et al., 2009) or picosecond strain pulses (Bombeck et al.,
2013; Scherbakov et al., 2010) triggered oscillations of
Kerr rotation as a function of time. These findings were
assigned to a tilt of the magnetization vector ~M , followed
by coherent precession of ~M around its equilibrium ori-
entation. This tilt was brought about by illumination-
induced modification of the magnetic anisotropy field
~Heff generated by a transient change of temperature (Qi
et al., 2009) or strain (Bombeck et al., 2013; Scherbakov
et al., 2010). Also evidences were found for the presence
of non-thermal effects generated by light pulses, such as
a transient torque produced by a burst of spin polar-
ized photoelectrons (Neˇmec et al., 2012) or an influence
of photoholes on magnetic anisotropy (Hashimoto et al.,
2008). Altogether, studies of time-resolved Kerr rotation
as well as of magnetization precession driven by an a. c.
magnetic field (FMR, Sec. III.B) or electric current (Fang
et al., 2011) have demonstrated that the Landau-Lifshitz-
Gilbert equation (recalled in Appendix) describes ade-
quately magnetization dynamics in DFSs. Actually, an
explicit solution of this equation was derived providing
a frequency and damping of magnetization precession in
a given magnetic field in terms of the Gilbert damping
constant αG and anisotropy fields Hi specific to DFSs
(Neˇmec et al., 2013; Qi et al., 2009).
In another study (Luo et al., 2010) magnetization pre-
cession in (Ga,Mn)As was found to be overdamped but
polarization dependent transient out-of-plane component
of the magnetization was visible. A transient out-of-plane
magnetization was also detected for a linearly-polarized
pump, if the sample was exposed to an in-plane magnetic
field prior to optical measurements.
It was shown experimentally (Wang et al., 2009) and
discussed theoretically (Kapetanakis et al., 2009) that ex-
citations with near ultraviolet photons lead to coherent
magnetization rotation in (Ga,Mn)As driven by photo-
carrier coherences and nonthermal populations excited
in the 〈111〉 equivalent directions of the Brillouin zone.
A subsequent theoretical work proposed a protocol for
all-optical switching between four metastable magnetic
states in DFSs (Kapetanakis et al., 2011).
IV. SPIN INJECTION
Ferromagnetic semiconductors can be used as an epi-
taxially integrated spin-polarized carrier emitter into
nonmagnetic structures working without or in a weak
external magnetic field. Electrical spin injection from
(Ga,Mn)As to nonmagnetic GaAs has been shown to be
possible in a device structure integrated with a GaAs-
based nonmagnetic light-emitting diode (LED) as a de-
tector of spin-polarized holes (Ohno et al., 1999; Young
et al., 2002) or electrons in Esaki diodes (Johnston-
Halperin et al., 2002; Kohda et al., 2006, 2001; Van
Dorpe et al., 2005; Van Dorpe et al., 2004). By mea-
suring circular polarization of electroluminescence, one
can determine the spin polarization of injected carri-
ers from (Ga,Mn)As. Because of carrier confinement
in the LED emission region, the heavy hole subband
is usually relevant in the radiative recombination pro-
cess. Hence, according to corresponding selection rules,
this method allows to detect carriers with spins polar-
ized along the growth direction, which give rise to cir-
cularly polarized vertical (surface) emission (Fiederling
et al., 2003; Jonker et al., 2000; Oestreich, 1999). Since
in the structures studied so-far (Ga,Mn)As easy axis was
in-plane, an out-of-plane magnetic field was applied to
either orient Mn magnetization along the growth direc-
tion (Johnston-Halperin et al., 2002; Kohda et al., 2006,
2001; Young et al., 2002) or—in an oblique magnetic field
configuration (Van Dorpe et al., 2005; Van Dorpe et al.,
2004)—to generate additionally a spin component along
the growth direction by spin precession. In these experi-
ments emission in σ+ polarization prevails demonstrating
antiferromagnetic coupling between holes and Mn spins
in (Ga,Mn)As.
By employing an Esaki diode as spin-injector in the
magnetic field tilted 45o out-of-plane, electrolumines-
cence circular polarization PEL reached the saturation
magnitude of 21% for Ga0.92Mn0.08As with TC = 120 K
(Van Dorpe et al., 2004). For this magnetizing field direc-
tion and the selection rules specified above, the determine
value of PEL leads to spin current polarization injected
from (Ga,Mn)As, Πinj = 40% at 4.6 K, where the exper-
imentally determined depolarization factor Ts/τ = 0.74
(Van Dorpe et al., 2004) is taken into account.2 A 6%
anisotropy in PEL was observed by rotating magnetiza-
tion projection between [110] and [1¯10] (Van Dorpe et al.,
2005).
By the use of a three terminal device structures to
2 The selection rules assumed here imply Πinj twice smaller than
that quoted originally.
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FIG. 26 (Color online) Spin injection from (Ga,Mn)As. (a)
Schematic band diagram (a) of the three terminal device (b)
allowing to bias independently the Esaki and light emitting
diode (VEB and VCB, respectively);(c) circular polarization
PEL of light emitted along the growth and magnetization di-
rection vs. VEB at various VCB (adapted from Kohda et al.,
2006). (d) Spin current polarization Π for spin injection to
n-GaAs (V < 0) or spin extraction from n-GaAs (V > 0) via
contacts of the Esaki diode in non-local magnetotransport
measurements (adapted from Ciorga et al., 2009).
control bias voltages of an Esaki diode and a LED (spin-
detector) independently, as shown in Fig. 26, the effi-
ciency of the electron spin injection via band-to-band
Zener tunneling from p-type Ga0.943Mn0.057As to n-type
GaAs and then to LED was measured as a function of
bias voltage. Emission in σ+ polarization prevailed, con-
firming antiferromagnetic coupling between holes and Mn
spins in (Ga,Mn)As. The values of PEL up to 32.4% were
attained for a (Ga,Mn)As emitter with TC = 70 K (Ko-
hda et al., 2006). Since in this case the magnetic field is
along the growth direction and Ts/τ = 0.64 (Kohda et al.,
2006), one obtains Πinj = 47 ± 1% at 10 K, where a 1%
correction for a non-zero PEL without emitter current is
taken into account.
Electrical injection and detection of spin-polarized
electrons were demonstrated in a single wafer
all semiconductor lateral structure, incorporating
Ga0.95Mn0.05As/n
+-GaAs Esaki diodes acting as both
spin injecting (or extracting) and spin detecting contacts
to n-GaAs (Ciorga et al., 2009). Prior to processing,
TC of (Ga,Mn)As was 65 K. Spin precession and the
spin-valve effect were observed in the nonlocal signal.
Figure 26(d) shows Πinj and Πext for the reverse and
forward bias VEB, respectively, determined under the
assumption that Πinj(ext) is equal to the spin detection
efficiency, which is strictly valid at VEB → 0. As seen,
Πinj(ext) = 51± 2% at 4.2 K in this case.
Further evidences for spin injection from (Ga,Mn)As
were provided by studies of Andreev reflection (Braden
et al., 2003; Panguluri et al., 2005; Piano et al., 2011),
the spin-Seebeck effect (Jaworski et al., 2010), and spin
pumping under FMR conditions (Chen et al., 2013).
Andreev reflection was also detected in the case of
(In,Mn)As (Geresdi et al., 2008; Panguluri et al., 2004).
Theoretically expected values of spin current polariza-
tion are presented in Sec. X.F.
V. SPINTRONIC MAGNETORESISTANCE
STRUCTURES
A. Anisotropic magnetoresistance and Hall effects
Owing to the strong spin-orbit interaction and typi-
cally lower carrier densities comparing to ferromagnetic
metals, DFSs show sizable magnitudes of anisotropic
magnetoresistance (AMR), planar and anomalous Hall
effects as well as of related thermomagnetic (Jaworski
et al., 2011; Pu et al., 2008, 2006) and magnetooptical
phenomena in the subbandgap spectral region (Acbas
et al., 2009). Magnetization-dependent transport effects
have been playing a crucial role in determining magne-
tization magnitude and orientation in variety of DFSs,
as discussed in Secs. III.B and III.C. Quantitative theory
aiming at evaluation of conductivity tensor components
σi,j( ~M) in (Ga,Mn)As-type DFSs, developed in the low-
est order in disorder for films of (Ga,Mn)As and related
systems, was already reviewed vis-a` vis results of exten-
sive experimental studies (Jungwirth et al., 2008, 2006a;
Nagaosa et al., 2010). An open and interesting question
is how quantum localization and confinement will affect
magnitudes of magnetization-dependent charge and heat
transport in these ferromagnets. A breakdown of the
proportionality between magnetization and the anoma-
lous Hall effect found in thin and high quality (Ga,Mn)As
films at low temperatures (Chiba et al., 2010) is just one
example showing that considerable further effort will be
devoted towards understanding of transport phenomena
in DFSs.
B. Colossal magnetoresistance
A direct manifestation of interplay between magnetism
and localization in magnetic semiconductors, as well as
in DMSs and DFSs (Dietl, 2008b), are colossal magne-
toresistance (CMR) phenomena and a related effect of
critical scattering (Nova´k et al., 2008). A peculiarity of
CMR in DFSs is its strong dependence on the orientation
of the magnetic field in respect to crystallographic axes
(Gareev et al., 2010; Katsumoto et al., 1998). In general
terms, magnetization rotation δ ~M results in a shift of the
Fermi level, related to a change of anisotropy energy ac-
cording to ∆F(δ ~M) = d∆Fcr(δ ~M)/dp. As F controls
the critical hole concentration pc corresponding to the
metal-insulator transition (see, Secs. III.A and VII.C),
colossal effects are seen in transport (Gareev et al., 2010;
Katsumoto et al., 1998) and tunneling (Pappert et al.,
2006) for samples with hole densities close to pc. Impor-
tantly, the influence of quantum localization persists well
beyond the immediate vicinity of pc.
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C. Coulomb blockade
One of signs indicating that quantum-localization ef-
fects persist up to p pc are signatures of the Coulomb
blockade found in nanoconstrictions of (Ga,Mn)As
(Schlapps et al., 2009; Wunderlich et al., 2006), pointing
to substantial nano-scale fluctuations in the hole den-
sity. Interestingly, in these experiments conductance os-
cillations were not only generated by sweeping the gate
voltage but also by changing the direction of magnetiza-
tion. The latter results from the dependence of the Fermi
energy F on δ ~M , as discussed in the previous subsec-
tion. This dependence leads to: (i) a charge redistribu-
tion within the nanoconstriction, as ∆F(δ ~M) depends
on p that show spatial fluctuations (Wunderlich et al.,
2006); (ii) changes in the localization and fluctuation
landscape, as F controls pc. At sufficiently small values
of p − pc( ~M), astonishingly large magnitudes of AMR
were found in various nanostructures of (Ga,Mn)As at
low temperatures (Giddings et al., 2005).
D. Giant and tunneling magnetoresistance devices
Like in their metal counterpart, in trilayer structures
of (Ga,Mn)As the magnitude of vertical resistance in-
creases if magnetization in the two ferromagnmetic elec-
trodes assumes an anti-parallel alignment, either if non-
magnetic central layer is of conductive p-GaAs (Chung
et al., 2010) or forms a tunneling barrier, the case of
AlAs (Chun et al., 2002; Tanaka and Higo, 2001), GaAs
(Chiba et al., 2004a), ZnSe (Saito et al., 2005) or param-
agnetic (Al,Mn)As (Ohya et al., 2009). In the latter case,
the magnitude of tunneling magnetoresistance (TMR),
(R↑↓ −R↑↑)/R↑↑, attained 175% at 2.6 K for the barrier
thickness d = 4 nm.
Do magnetic tunnel junctions (MTJs) of DFSs ex-
hibit specific features? As shown in Fig. 27, the mag-
nitude of TMR, grows (up to 76% at 8 K) when the
width of the AlAs barrier diminishes down to 1.5 nm
(Tanaka and Higo, 2001). At the same time, the val-
ues of TMR are seen to depend on the direction (in re-
spect to crystallographic axes) of the magnetic field em-
ployed to reverse sequentially magnetization at a coer-
cive force of particular ferromagnetic electrodes. In this
family of phenomena, known as tunneling anisotropic
magnetoresistance (TAMR), particularly spectacular is
the case of the junction with one nonmagnetic electrode,
e.g., (Ga,Mn)As/AlOx/Au (Gould et al., 2004), in which
the vertical resistance decreases (by 3%) when rotat-
ing magnetization from an easy to a hard in-plane di-
rection. Actually, a linear dependence between the de-
crease of the MTJ resistance (up to 10%) and the en-
ergy of magnetic anisotropy was found for various mag-
netization orientations in (Ga,Mn)As/ZnSe/(Ga,Mn)As
(Saito et al., 2005). Another characteristic feature is a
fast decay of TMR magnitude with the bias voltage V
– in (Ga,Mn)As/ GaAs/ (Ga,Mn)As at 4.7 K, the TMR
FIG. 27 Junction resistance (a) and the magnitude of TMR
measured for two in-plane directions of the magnetic field (b)
at 8 K as a function of the barrier width for the MTJ structure
show in the inset (b). Adapted from Tanaka and Higo, 2001.
magnitudes drops from 100% to 20% when V increases to
0.1 V (Chiba et al., 2004a). These findings are compared
to theoretical expectations in Sec. X.F.
There are a range of MTJ properties escap-
ing up to now from a straightforward quantita-
tive modeling. In particular, I(V ) characteristics
of MnAs/AlAs/(Ga,Mn)As (Chun et al., 2002) and
(Ga,Mn)As/GasAs/(Ga,Mn)As MTJs (Pappert et al.,
2006; Ru¨ster et al., 2005) showed a Coulomb gap, a
prominent manifestation of how important are corre-
lation effects in quantum localization, as discussed in
Secs. V.B and VII.C. Presumably, these effects, to-
gether with temperature dependent magnetization of Mn
spins residing in a depleted interfacial layer, accounted
for a threefold increase, up to 290%, of TMR between
4.7 and 0.3 K in an (Ga,Mn)As/GasAs/(Ga,Mn)As
MTJ (Chiba et al., 2004a). A question also arises to
what extent the Coulomb gap affected the magnitude
and magnetic anisotropy of tunneling thermopower in
a GaAs:Si/GaAs/(Ga,Mn)As MTJ (Naydenova et al.,
2011).
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E. Double barrier structures
A series of works (Elsen et al., 2007; Muneta et al.,
2012; Ohno et al., 1998; Tran et al., 2009) were de-
voted to tunneling phenomena in double barrier MBE-
grown (Ga,Mn)As/AlAs/GaAs/AlAs/p-GaAs:Be struc-
tures deposited onto p+-GaAs:Be substrates. To mini-
mize effects of inter-diffusion, few nm-thick GaAs sepa-
rators were additionally inserted between AlAs barriers
and the p-type electrodes. Except for the top (Ga,Mn)As
electrode, all layers were deposited at high temperatures
(Tg & 600oC). As shown in Fig. 28, sharp peaks in the
dynamic conductance dI/dV as a function of bias volt-
age V were observed (Ohno et al., 1998). These and
related results (Elsen et al., 2007; Muneta et al., 2012;
Tran et al., 2009) led to a number of conclusions. In par-
ticular, the appearance of resonances for both polarities
of bias voltage and the magnitudes of their relative dis-
tances demonstrated the presence of resonant tunneling
via quantized hole subbands in the GaAs quantum well
(Elsen et al., 2007; Ohno et al., 1998). Second, the ab-
sence at positive bias of resonances corresponding to the
hole ground state subbands in GaAs quantum well (HH1
and LH1) indicated, in accord with the TMR results dis-
cussed in the previous subsection (Sec. V.D), that the
Fermi level of (Ga,Mn)As resides about 0.1 eV above
the valence band top of GaAs (Elsen et al., 2007). Fi-
nally, up to 5 times larger distances between resonances if
holes were injected from (Ga,Mn)As (positive bias) than
in the case when (Ga,Mn)As was a collecting electrode
(negative bias) pointed to an asymmetry in the struc-
ture layout (Elsen et al., 2007; Muneta et al., 2012; Ohno
et al., 1998). This asymmetry was linked to a much lower
value of the hole concentration (p ' 1018 cm−3) and,
thus, longer depletion length in GaAs:Be comparing to
(Ga,Mn)As, leading to a rather different effective barrier
width on the collector side for the two polarities (Elsen
et al., 2007), as shown in Fig. 28.
In these devices three magnetic signatures were ob-
served. First, a spontaneous and temperature depen-
dent splitting of two peaks was revealed when holes were
injected from (Ga,Mn)As, the effect visible in Fig. 28
(Ohno et al., 1998). The temperature dependence of
the splitting showed a Brillouin-type behavior with TC '
70 K. Second, for the same bias, the magnitudes of reso-
nance peaks were found dependent on magnetization ori-
entation – they were reduced by about 10% when mag-
netization was turned from the easy axis [100] to the
hard [001] direction (Elsen et al., 2007). The effect was
examined quantitatively (Elsen et al., 2007) within the
p-d Zener model exposed in Sec. IX and the outcome is
shown in Sec. X.F. Third, it was demonstrated that afore-
mentioned magnetization rotation resulted in a shift of
resonance positions for negative bias, the effect assigned
to a decrease of the work function when magnetization
was moved away from the easy direction (Tran et al.,
2009). Magnetic effects, were also detected by in struc-
tures containing on its top an additional AlAs barrier
Bias voltage (V)
FIG. 28 Dynamic conductance dI/dV at various tempera-
tures for a resonant tunneling diode containing a GaAs quan-
tum well and a (Ga,Mn)As electrode. From Ohno et al., 1998.
and a (Ga,Mn)As layer (Muneta et al., 2012). Here, a
change of series resistance associated with parallel and
antiparallel arrangement of (Ga,Mn)As magnetizations
led to a shift of resonance positions. These and related
experiments demonstrate, therefore, how to gate electric
current by manipulating with magnetization.
Double barrier structures deposited at low tempera-
tures (Tg ' 230oC), in which the bottom GaAs:Be layer
was replaced by (Ga,Mn)As, showed significantly differ-
ent properties (Mattana et al., 2003). In particular, the
absence of resonances and the magnitude of TMR (about
40%) demonstrated that rather than resonant, sequential
tunneling accounted for hole transport, the effect point-
ing out to a shortening of the phase coherence time below
the dwell time in GaAs wells grown by LT-MBE (Mat-
tana et al., 2003). Even lower values of TMR (below 2%)
were found in similar structures containing (In,Ga)As
wells (Ohya et al., 2005), indicating that spin relaxation
time became shorter than the dwell time in this case.
In another type of investigated structures, the GaAs
quantum well in the original design (Fig. 28) was re-
placed by a (Ga,Mn)As layer of various thicknesses up
to 20 nm grown by LT-MBE (Ohya et al., 2007a, 2010a).
In these devices, a resonance in dI/dV was observed at
V ' −0.1 V, accompanied by one or two satellite features
visible in d2I/dV 2 at V < 0. A slight shift of the resul-
tant oscillatory pattern was resolved on going from par-
allel to antiparallel magnetization orientation of the two
(Ga,Mn)As layers, leading to a TMR-like behavior with
a relative change of current for parallel and antiparallel
magnetization orientations reaching 40%. It was demon-
strated that the position and the magnitude of these os-
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FIG. 29 Current-voltage characteristics in tunnel structures
containing Ga1−xMnx wells. Upper panel: experimental
data on d2I/dV 2 for two tunneling structures containing
Ga1−xMnx wells of different thickness d obtained by con-
secutive etching, and for which values of the area resistance
product AR(d) were available. Dashed lines present posi-
tions VR of the features in d
2I/dV 2, calculated with four ad-
justable parameters, assuming resonant tunneling via quan-
tized hole states in (Ga,Mn)As wells (from Ohya et al.,
2011a,b). Lower panel: calculated positions of the features
from VR(d) = VR(d) = VR(dm)RA(d)/RA(dm), where dm is
an intermediate thickness (from Dietl and Sztenkiel, 2011).
cillations in dI/dV and TMR vs. V can be efficiently con-
trolled by a third electrode biasing the (Ga,Mn)As quan-
tum well (Ohya et al., 2010b), a valuable step towards
development of a spin transistor. A similar oscillatory be-
havior of d2I/dV 2 at V < 0 was also detected in simpler
structures, in which the top barrier and the (Ga,Mn)As
electrode were replaced by an Au film deposited directly
onto the lower (Ga,Mn)As layer, resulting in the layout
Au/(Ga,Mn)As/AlAs/p-GaAs:Be, where the (Ga,Mn)As
layer exhibited TC up to 154 K (Ohya et al., 2011b). Cor-
responding results were also obtained for structures in
which (Ga,Mn)As was replaced by (Ga,In,Mn)As (TC up
to 135 K) or (In,Mn)As (TC ' 47 K) and p-GaAs:Be by
p-(Ga,In)As:Be, employing p-InP substrates in this case
(Ohya et al., 2012).
These comprehensive investigations showed consis-
tently that the oscillatory pattern in d2I/dV 2: (i) ap-
peared for V < 0; (ii) tended to spread and move to-
wards higher voltages |V | when the thickness of the bot-
tom (Ga,Mn)As layer decreased, as shown in Fig. 29;
(iii) did not reveal any temperature-dependent splitting
of quantized hole states.
In order to interpret these findings it was suggested in
these works that: (i) the oscillations in d2I/dV 2 witness
resonant tunneling via quantized subbands in the rel-
evant (Ga,In,Mn)As quantum well embedded by AlAs-
rich barriers (or AlAs and the Schottky barrier under-
neath the Au film); (ii) particular features correspond to
subsequent hole subbands starting from the ground state
HH1 level, the assumption allowing to describe (with four
adjustable parameters) the position and evolution of the
features with the layer thickness; (iii) since a negative
voltage has to be applied to reach the ground state sub-
band in (Ga,In,Mn)As, the hole Fermi level is pinned
by an impurity band located about 50 meV above the
valence band top, implying that up to 1021 cm−3 holes
reside in a narrow band separated from the valence band
in both (Ga,Mn)As and (In,Mn)As; (iv) the valence band
states are entirely imminent to the presence of Mn ions,
which results in the lack of exchange splitting and high
coherency of quantized states even for a 20 nm thick
(Ga,Mn)As quantum well.
However, the above model was found questionable
(Dietl and Sztenkiel, 2011), particularly taking into
account previous results on tunneling in (Ga,Mn)As
(Richardella et al., 2010) as well as in double well struc-
tures involving (Ga,Mn)As layers (Elsen et al., 2007;
Mattana et al., 2003; Ohno et al., 1998; Tran et al.,
2009). It was suggested (Dietl and Sztenkiel, 2011) that
the findings can be interpreted by assigning the features
in d2I/dV 2 at T  TC to sequential hole tunneling tran-
sitions from quantized hole subbands in the accumula-
tion layer of GaAs:Be to continuum of states determined
by quenched disorder in (Ga,Mn)As, followed by transi-
tions to the top electrode. The features originating from
quantum states in GaAs:Be can be resolved in this case
since competing resonances associated with the quantum
states in the well are washout by disorder in (Ga,Mn)As.
They appear at VR < 0, where |eVR| scales with the
Mn concentration dependent valence band offset between
(Ga,Mn)As and GaAs. This new interpretation, contra-
dicting the presence of an impurity band, is consistent
with: (i) the failure to observe the genuine impurity band
directly by tunneling spectroscopy; (ii) the absence of
resonant tunneling when the well consisted of disordered
GaAs grown by LT-MBE (Mattana et al., 2003); (iii) the
presence of the features only for V < 0, in contrast to
the case of GaAs well grown by HT-MBE, where reso-
nances appeared for both bias polarities, as expected for
resonant tunneling (Elsen et al., 2007; Ohno et al., 1998);
(iv) the non-occurrence of corresponding features when
GaAs:Be was replaced by (Ga,Mn)As (Mattana et al.,
2003); (v) the evolution of the feature positions with the
device resistance (showing correlation with the thickness
of (Ga,Mn)As layers, see Fig. 29); (vi) the presence of
TMR-like behavior but at the same time the lack of spin
splitting of electronic states giving rise to the tunneling
features (the splitting of the features is at least two orders
of magnitude smaller than exchange splitting of states in
any known uniform magnetic semiconductors with a cor-
responding magnitude of magnetization); (vii) the simi-
larity of the results for wells of ferromagnetic (Ga,Mn)As
grown on AlAs/GaAs:Be, and (In0.53Ga0.47,Mn)As and
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(In,Mn)As grown on AlAs/In0.53Ga0.47As:Be.
In related structures (Ga,Mn)As/ AlAs/(Ga,Mn)As/
(Al,Ga)As/ GaAs:Be, where the AlAs and (Al,Ga)As
barriers were 1.5 and 100 nm thick, respectively, nega-
tive dynamic resistivity features with various degree of
sharpness were seen in the I(V ) dependence in a number
of tested devices (Likovich et al., 2009). These features
underwent a shift to higher values of bias V for antipar-
allel magnetization orientations, which resulted, in the
most prominent case, in a TMR-like signal as large as
30%.
F. Read-write devices
Figure 30 highlights layout and operation princi-
ple of (Ga,Mn)As-based magnetic memory cells, in
which AMR-related phenomena allowed for bit read-
ing, whereas either an external magnetic field or spin-
polarized electric current served to bit writing.
VI. INTERLAYER COUPLING, FERROMAGNETIC
PROXIMITY EFFECT, AND EXCHANGE BIAS
A. Interlayer coupling
Low-temperature magnetotransport studies of
(Ga,Mn)As/(AlyGa1−yAs/ (Ga,Mn)As trilayer struc-
tures reveled ferromagnetic coupling between (Ga,Mn)As
layers, whose strength decayed with temperature and Al
content, 0.14 ≤ y ≤ 1, in the 2.8 nm thick AlyGa1−yAs
spacer (Chiba et al., 2000). A ferromagnetic interlayer
interaction was also found by neutron investigations
of (Ga,Mn)As/GaAs superlattices (Chung et al., 2010;
Ke¸pa et al., 2001; Sadowski et al., 2002) for the whole
explored range of GaAs thicknesses, 0.7 ≤ d ≤ 7 nm
(Chung et al., 2010; Ke¸pa et al., 2001; Sadowski et al.,
2002). However, for GaAs:Be spacers with hole density
of 1.2 × 1020 cm−3, the coupling was still ferromagnetic
for d = 1.2 and 2.3 nm but became antiferromagnetic
when increasing d to 3.5 and 7.1 nm (Chung et al.,
2010). Since ferromagnetism is spatially inhomogeneous
in (Ga,Mn)As, a long range dipole-dipole coupling can
account for this observation (Kakazei et al., 2005).
In the case of MnAs/p-GaAs/(Ga,Mn)As, a ferromag-
netic coupling was found, whose strength monotonically
decayed with the thickness of the p-GaAs layer in the
studied range 1 ≤ d ≤ 5 nm (Wilson et al., 2010).
Theoretical modeling of interlayer coupling is discussed
in Sec. X.B.
B. Ferromagnetic proximity effect
The Fe and Mn L2;3 XMCD spectra recorded at room
temperature for Fe/(Ga,Mn)As heterostructures demon-
strated the presence of Mn spin ordering antiparallel to
Fe spins extending 2 nm (Maccherozzi et al., 2008) or
0.7 nm (Olejnik et al., 2010) into (Ga,Mn)As. The uncov-
ered character of the ferromagnetic proximity effect was
reproduced by DFT computations (Maccherozzi et al.,
2008). Interestingly, if the thickness of (Ga,Mn)As was
reduced down to 5 nm, the ferromagnetic proximity ef-
fect allowed to shift up by 35 K the temperature range
in which both spontaneous magnetization and spin injec-
tion to n-GaAs through a Fe/(Ga,Mn)As/n-GaAs Esaki
diode could be detected (Song et al., 2011). These robust
spin selective contacts made it possible to probe electri-
cally the spin Hall effect in n-GaAs (Ehlert et al., 2012).
C. Exchange bias
As mentioned above, the coupling of Mn ions in
(Ga,Mn)As to an Fe overlayer is antiferromagnetic. Ac-
cordingly, below TC of (Ga,Mn)As, its magnetic proper-
ties can be described in terms of exchange bias, leading
to enlarged coercivity and a history dependent shift of
the hysteresis loop center away from the zero magnetic
field. Such phenomena were noted for MnAs/(Ga,Mn)As
(Wilson et al., 2010; Zhu et al., 2007) and Fe/(Ga,Mn)As
(Olejnik et al., 2010), and interpreted by the exchange
spring model (Wilson et al., 2010). Magnetization pro-
cesses related to exchange bias were found and examined
for MnO/(Ga,Mn)As heterostructures, in which Ne´el and
Curie temperatures were comparable (Eid et al., 2004; Ge
et al., 2007). Similarly, MnO and MnTe exchange-biased
(Ge,Mn)Te (Lim et al., 2012). Furthermore, nanocrys-
talline precipitates of ferromagnetic MnAs in (Ga,Mn)As
(Wang et al., 2006) and of antiferromagnetic MnTe in
(Ge,Mn)Te (Lechner et al., 2010) resulted in an enhance-
ment of the coercivity field.
VII. ELECTRONIC STATES
A. Vonsovsky’s model and Mott-Hubbard localization
Experimental results discussed in the subsequent sub-
sections (Secs. VII.B.1-2) indicate that magnetic mo-
ments of Mn in DFSs are localized, not itinerant. Ac-
cording to the Vonsovsky model (Vonsovsky, 1946), the
relevant electron states can then be divided into two cat-
egories (Dietl, 1981): (i) localized magnetic d-like levels
described by the Anderson impurity model (Anderson,
1961) or its derivatives (Parmenter, 1973); (ii) effective-
mass band states that can be treated within tight bind-
ing or kp methods (Luttinger and Kohn, 1955), em-
ployed commonly for quantitative simulations of func-
tionalities specific to semiconductors, their alloys and
quantum structures. Importantly, pertinent properties of
holes, for instance valence band lineups in semiconduc-
tor heterostructures, result from hybridization between
anion p orbitals and cation d orbitals (Wei and Zunger,
1987). In the case of open d shells, this hybridization
leads additionally to a strong p-d exchange interaction
(Bhattacharjee et al., 1983; Dietl, 1981) accounting for
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FIG. 30 Memory cells working at 4.2 K involving three (a), two (b), and four (c) 200 nm wide and few µm long (Ga,Mn)As
nanobars forming a junction and contacted to current leads (from Figielski et al., 2007, Pappert et al., 2007, and Mark et al.,
2011, respectively). Due to strain relaxation magnetization is aligned along the nanobar long axes but its orientation in
particular bars can be preselected by applying and removing an external magnetic field of an appropriate in-plane direction
[bit writing in (a,b) and memory cell initiation in (c)]. Owing to the AMR effect associated with a domain wall in the junction
[enhanced by carrier depletion in (b)], the value of two terminal resistance can tell relative magnetization directions in particular
bars [bit reading in (a,b)]. In (c), magnetization direction along one of two cubic axes in the central disk (of diameter 650 nm)
can be preselected by a current pulse along the pair of wires that are spin-polarized in the required direction [bit writing in (c)].
Tunneling resistance of the Au/AlOx/(Ga,Mn)As MTJ deposited over the central disk depends on magnetization orientation
in the disk [bit reading in (c)].
outstanding spintronic properties of DFSs. There exists
also an s− d exchange interaction in DMSs but because
of its relatively small magnitude, the corresponding TC
values were found to be below 1 K (Andrearczyk et al.,
2001; Dietl et al., 1997).
In the next two sections (Secs. VIII and IX.A),
Vonsovskii’s electronic structure is employed to describe
spin-spin exchange interactions within the superexchange
and p-d Zener models. This is followed (Sec. X) by dis-
cussing the applicability of this approach to a quanti-
tative description of spintronic functionalities of DFSs.
We note in passing that since implementations of den-
sity functional theories within local density approxima-
tions (LDA) cannot handle adequately the physics of the
Vonsovsky model, particularly the Mott-Hubbard local-
ization, other ab initio approaches are being developed
for DFSs, for instance, incorporating into the LDA hy-
brid functionals (Stroppa and Kresse, 2009) or the dy-
namic mean-field approximation (Di Marco et al., 2013).
B. Mn localized magnetic moments
1. Magnetic resonances
In the case of III-V and also III-VI compounds as well
as group IV semiconductors, Mn ions introduce both
spins and holes. According to electron paramagnetic
studies in the impurity limit x . 10−3, the Lande´ factor
of neutral Mn acceptors (Mn3+) in GaAs:Mn is g = 2.77
(Schneider et al., 1987; Szczytko et al., 1999), the value
consistent with a moderate binding energy EI = 110 meV
(see, Fig. 8) and an antiferromagnetic character of p-d ex-
change coupling between the hole spin J = 3/2 and the
Mn2+ center in a high spin S = 5/2 state (Schneider
et al., 1987). Spin resonance in GaP:Mn (Kreissl et al.,
1996) as well as Mn-related optical spectra in GaN:Mn
(Bonanni et al., 2011; Wo los´ and Kamin´ska, 2008), were
successfully described in terms of the group theory for
Ga-substitutional localized Mn3+ centers corresponding
to S = 2. Magnetization studies suggest that this spin
state of Mn ions persists up to at least x = 0.1 (Kunert
et al., 2012).
In contrast, in GaN:Mn samples containing compen-
sating donor impurities, the character of hyperfine split-
ting and g = 2.01 ± 0.05 (Bonanni et al., 2011; Graf
et al., 2003a; Wo los´ and Kamin´ska, 2008) demonstrated
the presence of Mn2+ ions (S = 5/2, L = 0). Similar
spectra were found on increasing Mn concentrations in
(Ga,Mn)As (Fedorych et al., 2002; Szczytko et al., 1999)
and (In,Mn)As (Szczytko et al., 2001). In the case of ar-
senides, however, the presence of Mn2+ spectra indicates
detaching of holes from individual negatively charged
Mn2+ acceptors at x & 0.001 rather than compensation
by donors.
For still higher Mn concentrations (x & 0.02), ex-
tensive ferromagnetic resonance studies, carried out for
(In,Mn)As (Liu et al., 2005), (Ga,Mn)As (Khazen et al.,
2008; Liu and Furdyna, 2006), and (Ga,Mn)P (Bihler
et al., 2007), pointed to the Lande´ factor g = 1.93± 0.5
at low temperature. A slight deviation from the value
g = 2.00 expected for Mn2+, suggests an admixture of
orbital momentum, brought presumably about by spin
polarized holes present in these DFSs below TC. The
value S = 5/2 was also evaluated from the neutron
scattering length in (Ga,Mn)As (Ke¸pa et al., 2001). In
contrast, according to extensive magnetization measure-
ments (Kunert et al., 2012; Sawicki et al., 2012), trivalent
Mn3+ configuration dominates up to at least x = 0.1
in Ga1−xMnxN. This finding is consistent with a large
ionization energy of Mn acceptors in GaN (see, Fig. 8),
leading to strong localization of holes on individual Mn
ions even at high Mn content x.
In the case of II-VI (Dietl, 1994; Furdyna and Kossut,
1988) and IV-VI DMSs (Bauer et al., 1992), Mn ions sub-
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stitute divalent cations and assume Mn2+ charge states
characterized by a high spin and vanishing orbital mo-
mentum (S = 5/2, L = 0). This spin state was confirmed
by ferromagnetic resonance studies on ferroelectric and
ferromagnetic (Ge,Mn)Te (Dziawa et al., 2008).
2. High energy spectroscopy
It is worth recalling that ultraviolet and soft x-ray
methods probe usually film regions adjacent to the sur-
face, so that an adequate surface preparation is of
paramount importance. With this reservation, we note
that the picture presented above, namely that in all Mn-
based DFSs but (Ga,Mn)N, Mn assumes single valent
2+, S = 5/2 configuration, was strongly supported by
photoemission and x-ray spectroscopy. In particular, Mn
ions in both (In,Mn)As (Okabayashi et al., 2002) and
(Ga,Mn)As were found in a single valence state char-
acterized by the Mn d electron count nd = 5.3 ± 0.1
(Okabayashi et al., 1999). A measurable enhancement
over nd = 5 can be interpreted as the presence of p-d
hybridization leading to a non-zero occupancy of the d6
Mn level by quantum hopping from As valence states.
Similarly, XMCD studies at the Mn L-edge corrobo-
rated the 2+ and S = 5/2 configuration of Mn ions in
ferromagnetic (In,Mn)As (Chiu et al., 2005; Zhou et al.,
2012), (Ga,Mn)As (Edmonds et al., 2006; Wu et al.,
2005), and (Ga,Mn)P (Stone et al., 2006). Furthermore,
a shift of orbital momentum from Mn to As with increas-
ing x was found in (Ga,Mn)As (Wadley et al., 2010).
In the case of (Ga,Mn)N, XMCD data at the Mn K-
(Sarigiannidou et al., 2006) and L-edge (Freeman et al.,
2007) confirmed the 3+ and S = 2 state of Mn in fer-
romagnetic (Ga,Mn)N. It was found, however, that sur-
face donor defects turned adjacent Mn ions into divalent
Mn2+ states (Freeman et al., 2007), visualized also by
photoemission studies (Hwang et al., 2005). Coexistence
of Mn2+ and Mn3+ was also observed in x-ray absorption
spectroscopy (XAS) (Sonoda et al., 2006). In contrast,
in uncompensated samples of (Ga,Mn)N both x-ray ab-
sorption near-edge structure (XANES) (Bonanni et al.,
2011) and x-ray emission spectroscopy (XES) (Devillers
et al., 2012) pointed to 3+ charge state of Mn in GaN.
C. Anderson-Mott localization of carriers
As already mentioned in Sec. III.A, interplay between
hole localization and hole-mediated ferromagnetism is ar-
guably the most characteristic feature of DFSs. In par-
ticular, p-d hybridization that accounts for exchange cou-
pling between localized spins and itinerant holes, shifts
at the same time the metal-insulator transition (MIT) to
higher hole concentrations.
It is worth noting that current ab initio methods de-
signed to handle disorder, such as the coherent poten-
tial approximation, are not capturing the physics of
the Anderson-Mott localization. There are preliminary
quantum Monte Carlo approaches aiming at elaborat-
ing computational schemes that might provide quantita-
tive information in the regime of quantum localization
in many body interacting systems (Fleury and Waintal,
2008). Nevertheless, for the time being it is safe to argue
that the current theory of the Anderson-Mott MIT does
not offer quantitative predictions on: (i) the magnitude
of the critical hole concentration pc corresponding to the
MIT; (ii) the absolute value of conductivities σij , and (iii)
the nature of excitations at high energies ω & 1/τ . Em-
pirically, some of these excitations exhibit single impu-
rity characteristics, even on the metallic side of the MIT.
This duality of behaviors is described phenomenologically
within the so-called two-fluid model of electronic states
(Paalanen and Bhatt, 1991), the approach exploited ex-
tensively to understand DMSs (Dietl, 2008b; Dietl et al.,
2000), and now acquiring some theoretical support (Ter-
letska and Dobrosavljevic´, 2011).
However, the current theory does provide quantitative
and experimentally testable information on the values
of critical exponents as well as on the dependence of
σij(p) on dimensionality, frequency, temperature, mag-
netic field, spin scattering, and spin splitting in the
metallic regime kF` > 1, where ` is the microscopic
mean free path (Altshuler and Aronov, 1985; Belitz and
Kirkpatrick, 1994; Dietl, 2008b; Lee and Ramakrish-
nan, 1985). The appearance of these specific depen-
dences, known as quantum corrections to conductivity,
heralds the failure of Drude-Boltzmann-like approaches
in capturing the physics accounting for the magnitudes
of σij(p). Importantly, a quantitative study of the quan-
tum corrections can provide information on the thermo-
dynamic density of states (DOS) ρF = ∂p/∂F, which
does not show any critical behavior across the MIT and
assumes a value specific to the relevant carrier band (Alt-
shuler and Aronov, 1985; Belitz and Kirkpatrick, 1994;
Lee and Ramakrishnan, 1985). According to the same
theory, with an accuracy of typically better than 20%
(corresponding to a magnitude of the relevant Landau
parameter of the Fermi liquid), the corresponding effec-
tive mass is equal to m∗ for low energy intraband charge
excitations, provided by, e. .g., cyclotron resonance stud-
ies.
In the region kF` < 1, corresponding usually to p . pc,
renormalization group equations (Belitz and Kirkpatrick,
1994; Finkelstein, 1990; Lee and Ramakrishnan, 1985)
can serve to asses the evolution of relevant character-
istics, such as localization radius, dielectric constant,
and one-particle DOS, with pc − p. This DOS shows
a Coulomb gap at the Fermi level on the insulator side of
the MIT, p < pc, which evolves into a Coulomb anomaly
at p > pc. The theory shows that in the weakly lo-
calized regime, the localization length ξ is much longer
than the effective Bohr radius aB of a single acceptor,
so that band characteristics are preserved at distances
smaller than ξ. Furthermore, because of large screening
by weakly localized carriers, there are few, if any, bound
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states associated with individual acceptors.
In the case of low dimensional systems (2D and 1D) a
cross-over from the weakly to strongly localized regime,
rather than the MIT, occurs at kF` ≈ 1. The absence
of metallic regime means that, in principle, localization
phenomena are relevant at any hole density.
D. Where do holes reside in DFSs?
As discussed in Sec. III.A, the Fermi level is pinned by
the deep Mn acceptor impurity band in (Ga,Mn)N, where
charge transport might proceed only via phonon-assisted
hopping. A broadly disputed question (Samarth, 2012;
Wang et al., 2013) then arises, where do reside delocal-
ized or weakly localized holes mediating ferromagnetic
coupling in (Ga,Mn)As and related systems?
1. Photoemission
In addition to quantitative information on the d elec-
tron count (presented above) and p-d hybridization (dis-
cussed in Sec. VII.E), photoemission studies allow exam-
ining a shift of the Fermi level and modifications to the
band structure introduced by Mn ions. In Fig. 31 the
contribution of Mn 3d states to valence band DOS, ob-
tained by angle integrated photoemission at various res-
onant excitation energies, are presented for (Ga,Mn)As
containing above 5% of Mn. Corresponding findings are
also shown for (In,Mn)As and (Cd,Mn)Te.
Several important conclusions emerge from these as
well as from more recent spectra (Kobayashi et al., 2013).
First, a general agreement between the (Ga,Mn)As data
obtained for different energies of exciting photons (and,
thus, absorption length) indicates that these results are
not substantially affected by surface effects. Second,
there is a considerable similarity between findings for
(Ga,Mn)As, (In,Mn)As, and (Cd,Mn)Te: a center of
gravity of the 3d-state contribution is at 4 eV below
the Fermi level, and an additional local maximum ap-
pears deeper in the valence band. This indicates that
the physics of p-d hybridization is similar in these sys-
tems. Third, the DOS magnitude decays to zero through
a knee or a weak maximum at 0.2-0.4 eV on approaching
the Fermi energy with no trace of an impurity band above
the top of the valence band. Since the Mn concentration
is low ( 2-10%) in DFSs and the main weight of Mn d
states is well below F, the d states do not accommodate
holes, and their contribution to the hole wave function is
below 1%. 3
3 In one photoemission work a dispersion-less impurity-like band
was detected above the valence band top in (Ga,Mn)As (Ok-
abayashi et al., 2001). This observation was not confirmed by
subsequent studies by the same group (Kobayashi et al., 2013;
Rader et al., 2004) and others (Di Marco et al., 2013; Gray et al.,
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FIG. 31 (Color online) Partial DOS below the Fermi energy
(taken as a reference) brought about by Mn 3d states, as ob-
tained from photoemission studies at room temperature on
various DMSs and employing differing experimental meth-
ods: (a) as-grown Ga0.931Mn0.069As (thin line, Okabayashi
et al., 1999) and annealed Ga1−xMnxAs with TC = 160 K
(points, Rader et al., 2009); (b) Ga0.94Mn0.06As (Di Marco
et al., 2013); (c) In0.91Mn0.09As (Okabayashi et al., 2002);
(d) Cd0.65Mn0.35Te (Ley et al., 1987). The data in (a,b,d)
were obtained as a difference between on-resonant [(a) and
(d) hν = 50 eV (M-line); (b) hν = 641 eV (L-line)] and
off-resonant spectra; in (c) a difference between spectra for
In0.91Mn0.09As and InAs at 70 eV is shown.
Another important finding of photoemission works was
the demonstration that the total DOS tends to zero at F
in (Ga,Mn)As (Okabayashi et al., 1999) despite high val-
ues of hole concentrations. This reconfirmed the presence
of a Coulomb anomaly at the Fermi level in this system,
of the half-width 0.1-0.2 eV, as discussed in the subsec-
tions above and below (Secs. VII.C and VII.D.2, respec-
tively). This conclusion was supported by angle-resolved
photoemission studies on (In,Mn)As (Okabayashi et al.,
2002) and (Ga,Mn)As (Gray et al., 2012; Kobayashi
et al., 2013), which revealed a characteristic depression
in DOS on approaching the Γ point.
2012).
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FIG. 32 (Color online) The spatially averaged differential
conductance for Ga1−xMnxAs with various Mn concentra-
tions x obtained by scanning tunneling microscopy. The inset
shows the same data as the main panel, with the square root
of the voltage on the horizontal axis, the dependence expected
theoretically. From Richardella et al., 2010.
2. Hole effective mass in III-V DMSs
Cyclotron resonance measurements on ferromagnetic
(In,Mn)Sb and (In,Mn)As (x = 0.02) in high magnetic
field (B > 100 T) was explained by Landau level posi-
tions calculated from the eight-band kp model for InSb
and InAs, respectively, indicating that the itinerant holes
reside in the valence band of the host semiconductor
(Matsuda et al., 2011).
No detection of cyclotron resonance has been re-
ported for (Ga,Mn)As, where holes are at the localization
boundary, so that Landau level broadening ~/τ precludes
the observation of cyclotron resonance. The proximity to
the Anderson-Mott type of the MIT was well documented
in (Ga,Mn)As by the appearance of a zero-bias anomaly
in tunneling I(V ) characteristics (Chun et al., 2002; Pap-
pert et al., 2006; Richardella et al., 2010). As shown in
Fig. 32, the DOS minimum at F, at least in the region
adjacent to the surface, fills up rather slowly on enlarging
the Mn concentration and, thus, the hole density beyond
pc of (Ga,Mn)As.
This finding can be explained by noting that accord-
ing to multiband kp (Dietl et al., 2001b; S´liwa and Dietl,
2011) and multiorbital tight binding computations for
(Ga,Mn)As (Werpachowska and Dietl, 2010b), the effec-
tive mass of holes at F increases by a factor of 2 when
the hole concentration p changes from 1019 to 1021 cm−3.
A correspondingly slow growth of kFl ∝ 1/m∗2 with hole
density makes that the region dominated by localization
effects extends far beyond the immediate vicinity to the
MIT in this compound.
Scanning probe tunneling spectroscopy provided maps
of local DOS (LDOS) in (Ga,Mn)As with various Mn
concentrations x (Richardella et al., 2010). A log-normal
distribution of LDOS was found even in the limit of weak
while the thin Hall-bar mesa (42 nm) is quasi 2D, at least
below 500 mK. The smallest wires (42 and 35 nm)
behave quasi 1D and the wider wires (67 to 242 nm) are
in the crossover regime from 1D to 2D, as is shown below.
Arrays of wires with N wires in parallel were fabricated to
suppress universal conductance fluctuations by ensemble
averaging. The Hall bars were fabricated using optical
lithography and wet chemical etching. For fabricating the
wire arrays, we used electron-beam lithography and
chemical dry etching. The contact pads to the devices
were made by thermal evaporation of Au and liftoff. The
measurements of the conductivity were performed in a top-
loading dilution refrigerator using standard four-probe
lock-in technique. To suppress conductivity contributions
due to weak localization, we applied a perpendicular mag-
netic field of B ¼ 3 T. At B ¼ 3 T no weak localization
can be observed in (Ga,Mn)As [19,20] even at 20 mK.
According to Lee and Ramakrishnan [16], the tem-
perature dependency of the conductivity correction due
to EEI is depending on the dimensionality of the sample
with respect to LT . For 1D systems, the expected tem-
perature dependency is / 1= ffiffiffiTp , for 2D / log10ðT=T0Þ
and for 3D / ffiffiffiTp . Corresponding data for 1D, 2D, and
3D (Ga,Mn)As-samples, shown in Figs. 1(b)–1(d) confirm
the expected temperature dependency below 1 K. Hence,
the decreasing conductance with decreasing temperature in
(Ga,Mn)As can be attributed to EEI.
The size of the conductivity correction due to electron-
electron interaction is depending on the diffusion constant
D in 1D systems [16]:
 ¼  F
1D
wt
e2
@
ffiffiffiffiffiffiffiffi
@D
kBT
s
; (1)
and also in 3D systems [16]:
 ¼ F
3D
42
e2
@
ffiffiffiffiffiffiffiffi
kBT
@D
s
: (2)
As the conductivity correction due to EEI is also de-
pending on the screening parameters F1D;2D;3D, one needs
to know the corresponding parameter to extractD from the
conductivity correction. Only in quasi 2D systems the
conductivity correction is independent on the diffusion
constant [16]:
 ¼ F
2D
2t2
e2
@
log
T
T0
: (3)
Hence, in the 2D case, F2D can be directly extracted from
experiment. As already shown in previous work [15], the
screening parameter F2D in (Ga,Mn)As ranges from 1.8 to
2.6 and is in excellent agreement with the screening pa-
rameter in Co, Co=Pt-multilayers, and Permalloy. In these
ferromagnetic metals, F2D is between 2.0 and 2.6 [21–23].
Thus, using the well-known parameters F1D of other fer-
romagnetic metals is a good approximation for F1D in
(Ga,Mn)As. In Ni and Py nanowires, F1D is 0.83
and 0.77, respectively [23,24]. Consequently, F1D ¼
0:80 0:12 should be a good approximation for the
screening parameter of quasi 1D (Ga,Mn)As samples.
With this F1D parameter, we can calculate the diffusion
constant of sample 11D using Eq. (1): D ¼ 10 3
105 m2=s. Using the Einstein relation, this value corre-
sponds to an effective density of states NðEFÞ ¼
1:1 0:3 1046=Jm3 at the Fermi energy.
It is more difficult to estimate the value of F3D as no data
are available for 3D ferromagnetic metals. Therefore, we
have to rely on theoretical predictions for the screening
parameter: F3D ¼ 1:2 [25]. Though the calculations of the
2D screening parameter (F2D ¼ 2:3 [25]) agree well with
the experimental values of different ferromagnets (F2D ¼
1:8; . . . ; 2:6), they are less accurate for 1D systems. For 1D
systems, F1D was calculated to be 1.6, while the typical
experimental values of F1D  0:8 are by a factor of 2
smaller [23,24]. Hence, by using the theoretical value for
F3D, we need to take into account an uncertainty of order
100%. Using Eq. (2) and the theoretical value for F3D ¼
1:2 [25], we arrive at D ¼ 2:2 105 m2=s for sample
23D. Using the Einstein relation this corresponds to
NðEFÞ ¼ 2:0 1046=Jm3, with a high uncertainty of ap-
prox. 200%.
The different temperature dependence of EEI in 1D
( / 1= ffiffiffiTp ) and 2D ( / lnT) together with the
temperature dependence of the thermal length LT ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@D=kBT
p
allows to use another scheme to extract the
diffusion constant and hence NðEFÞ. By measuring the
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FIG. 1 (color online). (a) Electron micrograph of a line array
having 25 lines in parallel (Sample 21D2DA). The width of the
lines is 92 nm, the length is 10 m. (b), (c), and (d) Conductivity
of the quasi 1D line array 11D (b), the quasi 2D Hall-bar 12D (c)
and the quasi 3D Hall-bar 23D (d) plotted versus temperature.
The straight lines are guide for the eyes. The slope of the lines
are given.
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FIG. 33 (Color online) Low-temperature conductivity in
(Ga,Mn)As samples of various dimensionality: (a,b) collection
of quasi-1D wires connected in parallel; (c,d) quasi-2D and -
3D Hall bars, respectively. The character (solid lines) and
magnitudes (slopes a) of the observed temperature depen-
dence are expected theoretically for disorder-modified hole-
hole interactions in (Ga,Mn)As valence band. From Neumaier
et al., 2009.
localization (Richardella et al., 2010), corroborating that
quantum interference, rather than trapping by individual
impurities, accounts for hole localization in (Ga,Mn)As in
the Mn concentration range relevant for ferromagnetism
(Dietl, 2008b; Dietl et al., 2000).
Another manifestation of Anderson-Mott localization
in (Ga,Mn)As is a large magnitude of quantum cor-
rections to conductivity that can be diminished by a
magnetic field, temperature, and frequency (Matsukura
et al., 2004). Figure 33 shows σ(T ) below 1 K in ferro-
magnetic (Ga,Mn)As samples of various dimensionality
(Neumaier et al., 2009). Taking into account effects of
disorder-modified hole-hole interactions, the magnitudes
of slopes a in the dependence σ(T ) provide information
on the thermodynamic DOS ρ(F) in the 1D and 3D
cases (Altshuler and Aronov, 1985; Lee and Ramakrish-
nan, 1985). According to the quantitative analysis (Dietl,
2008b; Neumaier et al., 2009; S´liwa and Dietl, 2011), the
values of a indicate that the effective mass of holes at the
Fermi level in (Ga,Mn)As differs by less than by a factor
of 2 comparing to that of the disorder-free GaAs valence
band.
Since the external magnetic field has no effect on σ(T )
(Neumaier et al., 2008), the single-particle Anderson lo-
calization term, destroyed presumably by a demagnetiz-
ing field, does not contribute to the observed temper-
ature dependence of conductivity in this ferromagnetic
33
semiconductor.4
The existence of sizable quantum localization effects
indicates that the real part of intraband optical conduc-
tivity, σ1(ω), in addition to a dispersion expected within
the Drude theory for a GaAs-type complex valence band
(Hankiewicz et al., 2004; Sinova et al., 2002), should show
a significant drop with decreasing ω down to ~ω ≈ kBT .
The low energy gaps in DOS and conductivity not only
share the same physical origin but involve the same en-
ergy scale and dispersion at low energies. Quantitative
formulae describing the disappearance of quantum local-
ization contributions to σ with ω are theoretically known
for a metallic case and low-energy excitations in a simple
band, i. e., for ω . 1/τ . F (Altshuler and Aronov,
1985; Lee and Ramakrishnan, 1985), where ~/τ is of the
order of 0.1 eV in ferromagnetic Ga1−xMnxAs. Actually,
interplay between Anderson-Mott effects and a Drude-
like decay of intra-band conductance at high frequencies
leads to a maximum in σ(ω), found at ωm ∼ 0.2 eV in
(Ga,Mn)As (Burch et al., 2008). Unfortunately, any de-
tailed interpretation (Burch et al., 2008; Jungwirth et al.,
2007; Kojima et al., 2007) of ωm and its shift with x or
T is rather inconclusive as no theory for σ(ω) is available
in this cross-over regime, particularly for the complex
valence band and in the presence of spin-disorder scat-
tering. However, a comparison of σ(ω) across the MIT
in (Ga,Be)As and (Ga,Mn)As (Chapler et al., 2011) pro-
vides a strong confirmation of the aforementioned persis-
tence of localization effects even for p pc in (Ga,Mn)As
as well as demonstrates a similarity in the DOS and con-
ductivity gaps in this DFS.
In contrast to σ1(ω), an integral of σ1(ω) over ω de-
pends uniquely on the ratio of the hole density p and a
combination of the heavy and light hole masses, mop, for
any strength of disorder according to the optical conduc-
tivity sum rule for intraband excitations (Sinova et al.,
2002). Figure 34 presents a comparison of σ1(ω) and
∆N = ∆p2D/mop for (Ga,Be)As and (Ga,Mn)As deter-
mined at room temperature as a function of the gate volt-
age Veff that changes the hole concentration. The values
of ∆N were obtained by the integration of σ1(ω) up to
a finite value ωc. A similar magnitudes of ∆N in both
systems together with the evaluated value mop . 0.42m0
(Chapler et al., 2012) confirmed that the hole band of
(Ga,Mn)As retains basic characteristics of the GaAs va-
lence band for which mop/m0 = 0.25− 0.29 was theoret-
4 Some authors (Honolka et al., 2007; Mitra et al., 2010) analyzing
σ(T ) up to 4 K, found that σ(T ) = σ0 + ATα, where α = 1/3.
This dependence was interpreted in terms of a renormalization
group equation (Altshuler and Aronov, 1985) applicable close to
the MIT, where σ0 < ATα and then 1/3 . α . 1/2 in the
3D case (Belitz and Kirkpatrick, 1994; Lee and Ramakrishnan,
1985). Furthermore, the apparent value of α can be reduced
above 1 K by a cross-over to the regime, where the effect of
scattering by magnetic excitations onto quantum corrections to
conductivity becomes significant (Dietl, 2008b).
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FIG. 4. (Color online) Panel (a) shows the σ 2D1 (Veff,ω) for the
(Ga,Mn)As-based device and the (Ga,Be)As-based device at Veff =
0.55 and 0.58 V, respectively. The orange and gray shaded regions
indicate the area included for equivalent intragap spectral weight in
application of Eq. (3) for the (Ga,Mn)As and (Ga,Be)As accumulation
layers, respectively. Panel (b) shows the change in spectral weight
according to Eq. (3) at all Veff for the (Ga,Be)As-, (Ga,Mn)As-,
and second (Ga,Mn)As- (device B) based devices. The choice in
integration cutoff ωc is described in the text. Using the calibration
procedure described in the text, the right axis is converted into the
two-dimensional change in hole concentration, p2D.
spectral weight from excitations into theGaAs host conduction
band are excluded. In Fig. 4(a), the gray and orange shaded
regions under the σ 2D1 (Veff,ω) spectra indicate the total area
included in determining N2Deff (Veff) of the Veff = 0.58 V
(Ga,Be)As (ωc = 2500 cm−1) and Veff = 0.55 V (Ga,Mn)As
(ωc = 3800 cm−1) accumulation layer spectra, respectively.
The two shaded regions in the figure for these near-equivalent
voltages mark off an identical total area. In Fig. 4(b), we
generalize the intragap comparison of N2Deff (Veff) of our
materials. In this latter figure, we show the change in intragap
spectral weight of both devices at all Veff , with ωc = 4000 and
2500 cm−1 for the (Ga,Mn)As- and (Ga,Be)As-based devices,
respectively. The data of Figs. 4(a) and 4(b) demonstrate
that, in general, the N2Deff (Veff) found in the (Ga,Mn)As
accumulation or depletion layer is roughly equivalent to that of
the (Ga,Be)As accumulation or depletion layer for a given Veff .
Since the same ion gel is used in both devices, the capaci-
tance per unit area, and thus p2D(Veff), are nominally similar
in both (Ga,Mn)As- and (Ga,Be)As-based devices. We further
justify this assumption by performing our IR experiments on
a second x = 0.015 Ga1−xMnxAs-based device. We show
N2Deff (Veff) with ωc = 4000 cm−1 for this device, labeled
Device B, in Fig. 4(b). We find a near-identical trend in
N2Deff (Veff) for Device B as in the other two devices. The
agreement of this trend between the two (Ga,Mn)As-based
devices in particular supports the conclusion that p2D(Veff)
is behaving nominally similar in all our devices. Moreover,
the corresponding N2Deff (Veff) per p2D(Veff) suggests an
approximate equivalence of mopt as well.
We note that in the physical picture we have formulated
from our data (see Fig. 3), the value of mopt in the (Ga,Be)As-
and (Ga,Mn)As-based devices is due to different processes. In
the (Ga,Be)As-based device, mopt is extracted from intraband
(Drude) excitations within the VB. In contrast, mopt of the
(Ga,Mn)As-based devices is a result of integrating over the
broad mid-IR resonance ascribed to interband processes (and
relatively weak itinerant carrier response). For interband exci-
tations, mopt is the reduced mass of the bands involved.63 Thus
when applying the sum rule over the mid-IR resonance (due to
VB→ IB transitions) of the (Ga,Mn)As data, the reduced mass
mopt of the heavy IB and light VB will be approximately equal
to the VB mass. The Drude mass of the (Ga,Be)As data is also
clearly representative of the VB mass in that material. Thus
according to the physical picture of Fig. 3, an identical mopt of
our activematerials implies an equivalence of their VBmasses.
The fact that the Drude mass of the (Ga,Be)As film is in accord
with the VB mass of GaAs supports the conclusion that Mn or
Be doping does not lead to a substantial renormalization of the
GaAs host VB. This latter result is in agreement with resonant
tunneling spectroscopy experiments on Ga1−xMnxAs layers.31
V. CONCLUSION
Our results using this electrostatic or “clean” method of
tuning the carrier density reveal the electrodynamics to be
vastly different between the (Ga,Mn)As- and (Ga,Be)As-based
devices. This difference indicates that conduction in FM
Ga1−xMnxAs is distinct from genuine metallic behavior due to
extended states in the host VB. The latter behavior is unmistak-
ably exemplified by the clear enhancement or reduction of the
Drude response in the accumulation or depletion layer of the
(Ga,Be)As-based device. In contrast, the relatively weak effect
of electrostatic doping on the far-IR conductivity, and the dom-
inance of the broadmid-IR feature observed in theσ1(Veff,ω)
spectra of the (Ga,Mn)As-based device, highlight the uncon-
ventional nature of conduction in this FM semiconductor.
Moreover, the spectroscopic features observed in this work
are all consistent with the “IB picture” of FM Ga1−xMnxAs.
A growing body of experimental evidence suggests
the IB plays a central role in the electrodynamics of
Ga1−xMnxAs.7,25,29,31,60,64–67 Due to the systematic nature
of the addition or removal of carriers characteristic of the
electric field effect, this work provides a greater level of detail
on dynamical properties associated with the IB. We stress
that theoretical descriptions of the electronic structure and
magnetism consistent with an IB model of Ga1−xMnxAs are
also in place.11,19–21,57,61,62,68–70 This picture is in conflict,
however, with the p-d Zener model of ferromagnetism in
Ga1−xMnxAs, where the FM interaction is mediated by holes
in a weakly disordered VB.18,71 On the one hand, this latter
model has successfully accounted for a number of observations
related to the magnetic properties of Ga1−xMnxAs.10,14,72,73
On the other hand, there are also numerous experimental
studies of the magnetic properties in dispute with the VB p-d
Zener model description of Ga1−xMnxAs.30,37,74,75 Therefore,
an alternative or competing FM mechanism in line with the IB
picture, such as double exchange,11,74 should be thoroughly
investigated and conclusively verified. The optical detection
of electrostatic modification of the accumulation layer in
EDL devices established here offers a promising route for
decoupling spin doping via Mn substitution and charge doping
165302-6
FIG. 34 (Color online) Panel (a) shows a gate-induced change
in optical conductivity for a (Ga,Mn)As-based device and
a (Ga,Be)As-based device at two values of the gate volt-
age Veff. The orange and gray shaded regions indicate the
area included in application of the optical sum rule for the
(Ga,Mn)As and (Ga,Be)As accumulation layers, respectively.
Panel (b) shows the change in the integrated spectral weight
at all gate voltages for the (Ga,Be)As-, (Ga,Mn)As-, and sec-
ond (Ga,Mn)As- (device B) based devices. Using an appropri-
ate calibration procedure, the right axis is converted into the
two-dimensional change in hole concentration, ∆p2D. From
Chapler et al., 2012.
ically predicted (Sinova et al., 2002).
This conclusion was corroborated by the magnitudes of
room temperature ther oelectric power S in (Ga,Be)As
and (Ga,Mn)As examined in the same hole concentra-
tion range (Mayer et al., 2010), as shown i ig. 35. It is
worth noting that neglecting phon n drag contributi n,
S is proportional o a logarithmic derivative of conduc-
tivity over energy and, thus, to a first approximation, to
thermodynamic DOS per one carrier. A large magnitude
of S would ther fore be expected if the Fermi level wer
pinned by a large DOS of an impurity band (Hereman
et al., 2012).
In summary, according to the data discussed in this
and previous subsection, holes in (Ga,Mn)As and related
DFSs reside in a host-like valence band that s, however,
strongly affected by the proximity to the MIT This con-
cl ion is further supported by the tcome of photore-
flectance studies (Yastrubchak et al., 2011).
E. Experimental studies of p-d exchange energy
The energy distributi n of Mn 3d states shown in
Fig. 31 ca serve to evaluate par meters of the Anderson
Hamiltonian characterizing hybridization between p-like
valence bands in tetrahedrally coordinated semiconduc-
tors and d states of Mn ions. This was carried out em-
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FIG. 35 (Color online) Room temperature thermoelectric
power in (Ga,Mn)As and GaAs:Be as a function of hole den-
sity changed by ion irradiation (points). From Mayer et al.,
2010. Lines are calculated (neglecting phonon drag contribu-
tion) for the GaAs valence band [using the standard six band
Luttinger model and parameters (Dietl et al., 2001b)], as-
suming that ionized impurity and acoustic phonon scattering
dominates (upper and lower curve, respectively); the actual
value of thermopower S should lie between lines obtained for
heavy and light hole bands in each case. From S´liwa and
Dietl, 2011.
ploying a configuration-interaction method to describe
photoemission and x-ray absorbtion spectra in II-VI and
III-V DMSs (Hwang et al., 2005; Mizokawa et al., 2002).
By using the Schrieffer-Wolf transformation one then ob-
tains the magnitudes of energies N0β (Kacman, 2001)
and N0W (Benoit a` la Guillaume et al., 1992), character-
izing respectively spin-dependent and spin-independent
parts of the local potential introduced by individual Mn
ions. These energies are proportional to square of hy-
bridization matrix element Vpd, and inversely propor-
tional to distances of the Fermi level to d5 and d6 states,
d and U − d.
When the Mn potential is too weak to bind a hole, and
a possible Coulomb contribution (existing in III-V DMSs)
is screened by carriers, the first order perturbation the-
ory (virtual-crystal and molecular-field approximations)
describes the valence band offset and spin splitting of
valence band states leading to, dEv(x)/dx = N0W and
Hpd = β~s ~M/gµB, where M is magnetization of Mn ions
and g = 2.0 is their Lande´ factor. If, however, the per-
turbation introduced by a single Mn impurity is so strong
that a bound state appears, the influence of the Mn ion
ensemble on the band valence structure has to be treated
in a non-perturbative way (Dietl, 2008a). Reversed signs
of the band offset and of spin splitting can appear in this
strong coupling case. In this regime, in addition to W
and β, the spectrum at k = 0, for a given hole mass
value m∗, is determined by at least one more param-
eter, namely, the spatial extend b of the perturbation
introduced by Mn or alternatively by the ratio of the
corresponding potential well depth to its minimum value
giving rise to a bound state, U/Uc (Benoit a` la Guillaume
et al., 1992; Dietl, 2008a).
Exciton magnetospectroscopy has been the primary
source of information on exchange splittings of bands,
and thus on β in DMSs without carriers. Magnetooptical
studies of hole-doped (Cd,Mn)Te quantum wells (Boukari
et al., 2002; Haury et al., 1997; Kossacki et al., 2004a)
demonstrated that interband transitions are consider-
ably affected by hole-hole interactions as well as by the
Moss-Burstein shift that accounted for the sign inversion
of MCD comparing to the case of undoped (Cd,Mn)Te
(Haury et al., 1997). Despite that modulation doping was
employed, evidences for scattering broadening of DOS
were also found (Boukari et al., 2002). Polarization-
resolved magnetoabsorption measurements in the band
gap region of ferromagnetic (Ga,Mn)As (Szczytko et al.,
1999), were also interpreted taking into account the
Moss-Burstein shift and scattering broadening in the
heavy hole band (Szczytko et al., 2001).
In Fig. 36 the magnitudes of N0β determined from
high energy spectroscopy and interband magnetooptical
studies are collected. The reversed signs of the appar-
ent N0β values determined from excitonic magnetore-
flectivity within the molecular field approximation for
(Zn,Mn)O and (Ga,Mn)N show that these systems are
in the strong coupling regime (Dietl, 2008a). To a first
approximation β = −54 meV nm3 describes the avail-
able data for various tetrahedrally coordinated DMSs in
the weak coupling regime (except for mercury chalco-
genides (Furdyna and Kossut, 1988), where |β| mag-
nitudes appear somewhat smaller). It corresponds to
N0β = −1.2 eV for (Ga,Mn)As, the value consistent with
the results of photoemission (Okabayashi et al., 1999,
1998), magnetoabsorption (Szczytko et al., 2001), and
the energy difference between the states corresponding to
a parallel and antiparallel spin arrangement of a bound
hole bound and a Mn ion in the limit of low Mn concen-
trations, ∆ = 8±3 meV (Averkiev et al., 1987; Linnars-
son et al., 1997). The antiferromagnetic character of this
coupling was also corroborated by a direction of current-
induced spin torque in (Ga,Mn)As (Secs. III.D and III.E)
and a sign of circular polarization in spin-LEDs (Sec. IV).
Since the pioneering studies of interband MCD in
(Ga,Mn)As (Ando et al., 1998), this techniques has been
widely employed to asses effects of p-d coupling onto
the valence band of III-V DFSs. In particular, the-
ory of optical absorption and MCD involving six valence
subbands and conduction band was developed for thin
films of carrier-controlled DFSs (Dietl et al., 2001b), and
showed to describe puzzling MCD data for (Ga,Mn)As
(Beschoten et al., 1999) with one fitting parameter – the
Mn-induced band gap offset. Its sign (corresponding to
gap narrowing) and value (about 0.2 eV for x = 5%) are
consistent with a net magnitude of many body effects
(Dietl et al., 2001b) and p-d hybridization in the weak
coupling limit (Dietl, 2008a) and, moreover, with their
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FIG. 36 (Color online) Compilation of experimentally de-
termined energies of the p-d exchange interaction N0β for
various Mn-based DMSs as a function of the cation concen-
tration N0. Solid symbols denote the values evaluated from
photoemission and x-ray absorption spectra for (Cd,Mn)VI
(Mizokawa and Fujimori, 1993), (Zn,Mn)VI (Mizokawa et al.,
2002), (Zn,Mn)O (Okabayashi et al., 2004), (In,Mn)As (Ok-
abayashi et al., 2002), (Ga,Mn)As (Okabayashi et al., 1999,
1998), (Ga,Mn)N (Hwang et al., 2005). The values shown by
open symbols were determined within the molecular field ap-
proximation from excitonic splittings in the magnetic field in
(Cd,Mn)Te (Gaj et al., 1979), (Zn,Mn)Te (Twardowski et al.,
1984b), (Zn,Mn)Se (Twardowski et al., 1984a), (Cd,Mn)Se
(Arciszewska and Nawrocki, 1986), (Cd,Mn)S (Benoit a` la
Guillaume et al., 1992), (Zn,Mn)O (Pacuski et al., 2011),
(Ga,Mn)N (Pacuski et al., 2007; Suffczyn´ski et al., 2011),
and from band splittings in the magnetic field in (Ga,Mn)As
(Szczytko et al., 2001). Solid line corresponds to a constant
value of β across the DMS series.
independent experimental determinations (Elsen et al.,
2007; Fujii et al., 2013; Ohno et al., 2002; Thomas et al.,
2007). A number of subsequent studies and interpreta-
tions of MCD and related optical phenomena in III-V
DFSs were already reviewed (Burch et al., 2008). Un-
fortunately, the combined effects of strong disorder and
correlation, relaxing selection rules and accounting for
band gap narrowing, has so-far made interpretations of
the findings somewhat ambiguous, the viewpoint put also
forward in a recent attempt to describe the available
MCD data in terms of a multi-orbital tight binding model
(Turek et al., 2009).
VIII. SUPEREXCHANGE
Owing to a relatively large distance between magnetic
ions in DMSs, no direct exchange coupling between d-
like orbitals localized on Mn ions is expected. Thus,
rather indirect coupling involving band states accounts
for spin-spin interactions. In this section we describe ef-
fects of short-range superexchange that dominates in the
absence of carriers and competes with long-range carrier-
mediated interactions if the concentration of band carri-
ers is sufficiently high.
A. Antiferromagnetic superexchange
1. II-VI DMSs
A vast majority of nonmetallic TM compounds are an-
tiferromagnets or ferrimagnets. In the absence of car-
riers, short-range antiferromagnetic coupling determines
magnetic properties of DMSs containing Mn2+ ions, the
case of, for instance, Mn-based II-VI DMSs (Shapira and
Bindilatti, 2002). The relevant coupling between local-
ized spins—the superexchange (Anderson, 1950; Good-
enough, 1958; Kanamori, 1959)—proceeds via p-d hy-
bridization with bands of anions residing on the path
between the TM spins in question. For this indirect in-
teraction, to the lowest relevant order perturbation the-
ory, the exchange energy Jij is proportional to |Vpd|4 and
decays fast with the distance Rij between magnetic ions.
In random antiferromagnets, such as intrinsic II-VI
DMSs, frustration of interactions in spin triads and larger
Mn clusters leads to spin-glass freezing. According to
comprehensive studies, critical temperature Tf is about
1 K at x = 0.1 and grows with x as Tf ∝ xm, where
m = 2.3 ± 0.1 in Mn-doped cadmium and zinc chalco-
genides (Twardowski et al., 1987). Scaling invariance
(Rammal and Souletie, 1982) implies then that the ex-
change energy Jij decays with the spin-spin distance as
R−λij , where λ = md = 6.8± 0.3 for 3D systems.
In these systems, it is usually possible to parametrize
experimental values of magnetization M(T,H) by the
paramagnetic Brillouin function for S = 5/2 (Gaj et al.,
1979),
M(T,H) = gµBN0xeffBS
[
gµBH
kB(T + TAF)
]
, (7)
where xeff < x and TAF > 0 describe a reduction of mag-
netization by antiferromagnetic interactions. The values
of these parameters increases with temperature (Spa lek
et al., 1986), xeff → x and TAF → −Θ0, where
Θ0 =
1
3
S(S + 1)
∑
j
zjJj . (8)
Here, the summation extends over the subsequent cation
coordination spheres; zj is the number of cations in the
sphere j, and Jj ≡ Jij < 0 is the corresponding Mn-
Mn exchange energy in the HamiltonianHij = −Jij ~Si~Sj .
The values of Jij were successfully modeled for II-VI Mn-
based DMSs by combining ab initio and tight-binding-
like approaches (Larson et al., 1988).
As found for ferromagnetic p-(Cd,Mn)Te (Boukari
et al., 2002; Haury et al., 1997) and p-(Zn,Mn)Te (Fer-
rand et al., 2001) as for n-(Zn,Mn)O (Andrearczyk et al.,
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2001), the magnitude of antiferromagnetic superexchange
is larger for the nearest neighbor Mn pairs than ferromag-
netic coupling at carrier densities achievable by now in
these systems. This means that the magnitude of TC is
weakened by non-zero values of TAF and x−xeff. Further-
more, it was found by Monte Carlo simulations (Lipin´ska
et al., 2009) that AF interactions account for a relatively
fast spin dynamics in a ferromagnetic phase, provided
that the holes visit only a part of the region occupied by
TM spins. In such a situation, occurring for instance in
(Cd,Mn)Te quantum wells, acceleration of spin dynam-
ics and the associated decrease of coercivity are brought
about by TM flip-flops at the boundary of the hole wave
functions, where the molecular field produced by the hole
spins vanishes.
2. (Ga,Mn)As and related compounds
In such compounds, a strong antiferromagnetic inter-
action between Mn ions in an interstitial and a neigh-
boring substitutional position reduces xeff substantially,
particulary in non-annealed samples (see, Sec. II.E). Rel-
evant information on possible interactions between pairs
of substitutional Mn spins was provided by studies of
donor compensated samples, in which carrier-mediated
ferromagnetic interactions are strongly reduced but su-
perexchange is expected to be left intact. A sizable de-
crease of xeff values at low temperature under such condi-
tions in (Ga,Mn)As (see, Sec. III.A) confirmed the pres-
ence of intrinsic antiferromagnetic coupling between Mn
spins. This conclusion was substantiated by ab initio
(Chang et al., 2007; Kudrnovsky´ et al., 2004) and tight
binding (Jungwirth et al., 2005) studies of DFSs, which
demonstrated that the role played by antiferromagnetic
superexchange can be rather significant – the magnitude
of the corresponding exchange energy was evaluated to
be about 50% of the ferromagnetic contribution for the
nearest neighbor Ga-substitutional Mn pairs at x = 6%.
Altogether, the accumulated data indicate that in the
case of uncompensated III-V DFSs with Mn2+ ions the
value of xeff is controlled by interstitial Mn in the whole
relevant temperature and magnetic field range. Further-
more, somewhat weaker but also short ranged antifer-
romagnetic interactions between substitutional Mn ions
reduce the magnitude of net ferromagnetic spin-spin cou-
pling and, thus, lower TC further on.
3. Antiferromagnetic interactions in (Ga,Mn)N
Optical (Graf et al., 2003b; Wo los´ and Kamin´ska, 2008)
and photoemission investigations (Hwang et al., 2005)
showed that the acceptor Mn3+/Mn2+ level appear in
the mid-gap region in GaN (see, Fig. 8). Owing to cor-
respondingly small effective Bohr radius, no indications
of hole delocalization were found up to at least x = 0.1.
This means that holes reside in the Mn3+/Mn2+ impurity
band, subject to Mott-Hubbard localization at weak or
strong compensation, and to Anderson-Mott localization
if the impurity band is partly occupied. It was found that
if Mn2+ ions prevailed (due to residual donor impurities
or defects such as nitrogen vacancies (Yang et al., 2009)),
antiferromagnetic interactions between Mn2+ ions con-
trolled magnetic properties (Granville et al., 2010; Zaja¸c
et al., 2001), leading to spin-glass freezing at 4.5 K for
x ≈ 0.1 (Dhar et al., 2003). The corresponding magni-
tudes of xeff and TAF (Granville et al., 2010; Zaja¸c et al.,
2001) were then similar to those of II-VI DMSs.
B. Ferromagnetic superexchange
1. Double exchange vs. superexchange
The case of chromium spinels and europium chalco-
genides demonstrates that ferromagnetism is possible
without band carriers. According to the time-honored
nomenclature, one distinguishes two kinds of ferromag-
netic coupling mechanisms operating in the absence band
carriers:
Double exchange – This mechanism contributes when rel-
evant magnetic ions are in two different charge states
(Anderson and Hasegawa, 1955; Zener, 1951) and if the
system of TM electrons is on the metallic side or in the
vicinity to the Anderson-Mott transition, the case of e. .g.
manganites (Dagotto et al., 2001). In this situation, col-
lective ferromagnetic ordering is triggered by a lowering
of electron kinetic energy (increase in the width of the d
band), appearing if all ions assume the same spin direc-
tion, the arrangement making quantum hopping efficient.
The double exchange can be regarded as a strong cou-
pling limit of the p-d Zener model discussed in Sec. IX.A,
as sufficiently large p-d hybridization leads to the ap-
pearance of an impurity band in the energy gap (see,
Secs. III.A and VII.E). Within this model TC attains a
maximum if the impurity band is half-filled, so that–in
the case relevant here–the concentrations of Mn2+ and
Mn3+ ions are approximately equal.
Ferromagnetic superexchange – According to Anderson-
Goodenough-Kanamori rules (Anderson, 1950; Good-
enough, 1958; Kanamori, 1959) superexchange is
ferromagnetic for certain charge states of TM ions and
bond arrangements. This mechanism outperforms the
double exchange if all magnetic ions are in the same
charge state or if TM electrons are strongly localized,
so that the impurity bandwidth is rather determined by
disorder than by quantum hopping.
It was found (Blinowski et al., 1996) employing a tight
binding approximation that superexchange is ferromag-
netic in the case of Cr2+ ions in a tetrahedral environ-
ment, Jij > 0. Experimental studies of (Zn,Cr)Se (Kar-
czewski et al., 2003) and (Zn,Cr)Te (Saito et al., 2003)
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revealed indeed the presence of ferromagnetism in these
systems, which however was largely determined by ag-
gregation of Cr cations (Karczewski et al., 2003; Kuroda
et al., 2007).
Ferromagnetic coupling mediated by bound holes in
the strongly localized regime was also predicted within a
tight binding approximation for a neutral or singly ion-
ized pair of substitutional Mn acceptors in GaAs, neglect-
ing on-site Coulomb repulsion U and intrinsic antiferro-
magnetic interaction between Mn2+ spins (Strandberg
et al., 2010).
2. Ferromagnetic superexchange in (Ga,Mn)N
Extensive nanocharacterization of wz-(Ga,Mn)N ob-
tained by MOVPE (Bonanni et al., 2011; Stefanowicz
et al., 2010b) and MBE (Kunert et al., 2012; Sarigian-
nidou et al., 2006) demonstrated that under carefully ad-
justed growth conditions, within an experimental margin
below 10%, all Mn ions are distributed randomly over Ga-
substitutional positions, and assume a 3+, S = 2 charge
and spin state, characterized by a non-zero value of or-
bital momentum. Empirically, M(T,H) in the paramag-
netic region, x . 1%, and for the magnetic field per-
pendicular to the wurtzite c-axis is well described by
the Brillouin function for S = 2 with the Mn Lande´
factor g ' 2.5. This electronic configuration is anal-
ogous to Cr2+ and, indeed, ferromagnetic coupling be-
tween Mn spins was found in (Ga,Mn)N (Bonanni et al.,
2011; Kunert et al., 2012; Sarigiannidou et al., 2006; Ste-
fanowicz et al., 2013). Actually, owing to the absence of
competing antiferromagnetic interactions and the high
magnitude of cation density N0 = 4.39× 1022 cm−3, the
largest magnitude of magnetization ever reported for any
DMS was observed for Ga0.905Mn0.095N, µ0M ' 190 mT
at µ0H = 6.5 T (Kunert et al., 2012). Importantly, ferro-
magnetic ordering was found at low temperatures in these
samples. According to the magnetic phase diagram dis-
played in Fig. 37, TC ' 13 K at x = 0.1 and TC(x) ∝ xm,
where m = 2.2 ± 0.2, (Sawicki et al., 2012; Stefanowicz
et al., 2013). Since such a value of m was observed for
spin-glass freezing in II-VI DMSs (see, Sec. VIII.A.1), it
was concluded that the superexchange is the dominant
spin-spin coupling mechanism.
The superexchange scenario was substantiated by the
evaluation of the exchange integral Jij as a function of the
Mn-Mn distance within the aforementioned tight binding
theory (Blinowski et al., 1996) and then TC(x) by Monte
Carlo simulations (Sawicki et al., 2012; Stefanowicz et al.,
2013). Within this approach, Mn ions were described in
terms of Parmenter’s (Parmenter, 1973) rotationally in-
variant generalization of the Anderson Hamiltonian for
the relevant electronic configuration of the TM taking
into account the Jahn-Teller distortion (Gosk et al., 2005;
Stroppa and Kresse, 2009), whereas the host band struc-
ture was modeled by the sp3s∗ tight binding approxima-
tion, employing the established parametrization for GaN
0.01 0.1 1
0.1
1
10
100
1000
experiment
theory - TBA
theory - DFT
 
C
u r
i e
 T
e m
p e
r a
t u
r e
  (
K
)
Mn content, x 
Ga1-xMnxN
TC ~ x
2.2
FIG. 37 (Color online) Experimental Curie temperatures TC
as a function of Mn content x in Ga1−xMnxN (solid squares
– MOVPE samples, Sawicki et al., 2012; solid circles – MBE
samples, Stefanowicz et al., 2013; solid triangle – MBE sam-
ple, Sarigiannidou et al., 2006) compared to theory within the
tight binding approximation (that provided the magnitudes
of exchange integrals) and Monte Carlo simulations, serving
to determine TC (stars, Stefanowicz et al., 2013). Dashed line
shows the scaling dependence TC ∝ xm with m = 2.2. Ab
initio and Monte Carlo results are presented for a compari-
son (open circles – DFT, Sato et al., 2010). Adapted from
Stefanowicz et al., 2013.
in the cubic approximation. Other parameters of the
model were taken from infrared and visible (Graf et al.,
2003b) as well as photoemission and soft x-ray absorption
spectroscopy (Hwang et al., 2005) of (Ga,Mn)N.
As shown in Fig. 37, the dependence of TC on x
in insulating (Ga,Mn)N with Mn3+ ions is well repro-
duced by the impurity band theory in question (stars).
The examination of the critical behavior around TC pro-
vided information on the variance ∆x of macroscopic in-
homogeneities in the Mn distribution, evaluated to be
∆x ≈ 0.2% (Stefanowicz et al., 2013).
IX. THEORY OF CARRIER MEDIATED
FERROMAGNETISM
This section presents the p-d Zener model (Dietl et al.,
2000) and its limitations. This model of ferromagnetism
in p-type DFSs is built exploiting information summa-
rized in Sec. VII on the relevant electronic states and
coupling between localized Mn spins and itinerant holes.
The presence of competing antiferromagnetic interac-
tions is considered making use of findings presented in
Sec. VIII. The model is parametrized by a small set of
independently determined material parameters, it is nu-
merically efficient and univocal. As shown in Sec. X, the
p-d Zener model explains qualitatively, and often quan-
titatively, a palette of comprehensive results concerning
ferromagnetic characteristics and their control in films,
heterostructures, and nanostructures of (Ga,Mn)As, p-
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(Cd,Mn)Te, and related compounds, as collected in
Sec. III. By combining the model with disorder-free
Landauer-Bu¨ttiker or Drude-Boltzmann formalisms, a
theoretical description of spin-transport and magnetoop-
tical devices has been attempted, although a proximity
to the charge localization verge renders such a modeling
not always applicable.
A. The mean-field p-d Zener model
1. The model
Zener noted in the 1950s the role of band carriers
in promoting ferromagnetic ordering between localized
spins in magnetic metals. This ordering can be viewed
as driven by the lowering of the carriers energy associ-
ated with their redistribution between spin subbands,
split by the sp − d exchange coupling to the localized
spins. A more detail quantum treatment indicates, how-
ever, that the sign of the resulting interaction between lo-
calized spins oscillates with the spin-spin distance accord-
ing to the celebrated Ruderman-Kittel-Kasuya-Yosida
(RKKY) formula. However, the Zener and RKKY mod-
els were found equivalent within the continuous medium
and mean-field approximation (Dietl et al., 1997). These
approximations are valid as long as the period of RKKY
oscillations, R = pi/kF is large compared to an average
distance between localized spins. Hence, the technically
simpler mean-field Zener approach is meaningful in the
regime usually relevant to DFSs, p . xN0. Owing to
higher DOS and larger exchange coupling to Mn spins,
holes are considerably more efficient in mediating spin-
dependent interactions between localized spins in DFS.
This hole-mediated Zener/RKKY ferromagnetism is en-
hanced by exchange interactions within the carrier liquid
(Dietl et al., 1997; Jungwirth et al., 1999). Such interac-
tions account for ferromagnetism of metals (the Stoner
mechanism) and contribute to the magnitude of the Curie
temperature TC in DFSs.
It is convenient to apply the Zener model of carrier-
mediated ferromagnetism by introducing the functional
of free energy density, F [ ~M(~r)]. The choice of the local
magnetization ~M(~r) as an order parameter means that
the spins are treated as classical vectors, and that spatial
disorder inherent to magnetic alloys is neglected. In the
case of magnetic semiconductors F [ ~M(~r)] consists of two
terms,
F [ ~M(~r)] = FS [ ~M(~r)] + Fc[ ~M(~r)], (9)
which describe, for a given magnetization profile ~M(~r),
the free energy densities of the Mn spins in the absence of
any carriers and of the carriers in the presence of the Mn
spins, respectively. A visible asymmetry in the treatment
of the carries and of the spins corresponds to an adiabatic
approximation: the dynamics of the spins in the absence
of the carriers is assumed to be much slower than that
of the carriers. Furthermore, in the spirit of the virtual-
crystal and molecular-field approximations, the classical
continuous field ~M(~r) controls the effect of the spins upon
the carriers. Now, the thermodynamics of the system
is described by the partition function Z, which can be
obtained by a functional integration of the Boltzmann
factor over all magnetization profiles ~M(~r),
Z ∼
∫
D ~M(~r) exp{−
∫
d~rF [ ~M(~r)]/kBT}, (10)
the approach developed in the context of DMSs for bound
magnetic polarons (Dietl, 1983; Dietl and Spalek, 1983),
and directly applicable for spin physics in quantum dots
as well.
In the mean-field approximation, which should be valid
for spatially extended systems and long-range spin-spin
interactions, a term corresponding to the minimum of
F [ ~M(~r)] is assumed to determine Z with a sufficient ac-
curacy, the conclusion supported by Monte Carlo simu-
lations discussed in Sec. IX.F.
If the energetics is dominated by spatially uniform
magnetization ~M , the spin part of the free energy density
in the magnetic field ~H can be written in the form
FS[ ~M ] =
∫ ~M
0
d ~Mo · ~h( ~Mo)− ~M · ~H. (11)
Here, ~h( ~Mo) denotes the inverse function to ~Mo(~h),
where ~Mo is the available experimentally macroscopic
magnetization of the spins in the absence of carriers in the
field ~h and temperature T , whose anisotropy is typically
weak for Mn2+ ions in the orbital singlet state. As dis-
cussed in Sec. VIII.A, it is usually possible to parametrize
Mo(h) by the Brillouin function BS(T,H) that takes the
presence of intrinsic short-range antiferromagnetic inter-
actions into account. Near TC and for H = 0, M is
sufficiently small to take Mo(T, h) = χ(T )h, where χ(T )
is the magnetic susceptibility of localized spins in the
absence of carriers. Under these conditions,
FS [M ] = M2/2χ(T ), (12)
which shows that the increase of FS with M slows down
with lowering temperature, where χ(T ) grows. Turn-
ing to Fc[M ] we note that owing to the giant Zeeman
splitting of the bands proportional to M , the energy
of the carriers, and thus Fc[M ], decreases with |M |,
Fc[M ]−Fc[0] ∼ −M2. Accordingly, a minimum of F [M ]
at non-zero M can develop in H = 0 at sufficiently low
temperatures signalizing the appearance of a ferromag-
netic order.
It had been postulated (Dietl et al., 2000), and
checked employing 40 orbitals’ tight binding approxima-
tion (TBA) (Werpachowska and Dietl, 2010a), that the
minimal Hamiltonian necessary to properly describe ef-
fects of the complex structure of the valence band in
tetrahedrally coordinated semiconductors upon Fc[M ] is
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the Luttinger six bands’ kp model with the Bir-Pikus
strain terms, supplemented by the p-d exchange contri-
bution taken in the virtual-crystal and molecular-field
approximations,
Hpd = β~s · ~M/gµB. (13)
This term leads to spin splittings of the valence subbands,
whose magnitudes—owing to the crucial role of the spin-
orbit coupling—depend on the magnitude and direction
of the hole wave vectors ~k in a complex way even for
spatially uniform magnetization ~M . Within this formal-
ism, the spin-orbit interaction results from the p-type
symmetry of the periodic parts of the Bloch wave func-
tions and the corresponding spin-orbit splitting of the
valence band at the Γ point of the Brillouin zone into
J = 3/2 and J = 1/2 hole subbands, the J = 3/2 sub-
band exhibiting an additional splitting in the presence
of confinement and/or strain. This effect is distinct from
the ~k-dependent Dresselhaus or Rashba spin-splitting ap-
pearing in the conduction band in the absence of inver-
sion symmetry or if the cubic symmetry is perturbed,
respectively. The incorporation of the spin-orbit interac-
tion into the valence band model is essential (Dietl et al.,
2000), as it controls the magnitude of TC and accounts
for magnetic anisotropy in DFSs with Mn in the high spin
2+ charge state for which single-ion magnetic anisotropy
is small according to magnetic resonance studies (Fedo-
rych et al., 2002; Qazzaz et al., 1995).
It would be technically difficult to incorporate such ef-
fects to the RKKY model, as the spin-orbit coupling leads
to non-scalar terms in the spin-spin Hamiltonian. At the
same time, the indirect exchange associated with the vir-
tual spin excitations between the valence subbands, the
Bloembergen-Rowland mechanism (Dietl, 1994), is au-
tomatically included. The model allows for strain, con-
finement, and was developed for both zinc-blende and
wurtzite materials (Dietl et al., 2001b). Furthermore,
the direct influence of the magnetic field upon the hole
spectrum was taken into account (Dietl et al., 2001b;
Jungwirth et al., 2006b; S´liwa and Dietl, 2006). The
aforementioned Stoner enhancement was described by in-
troducing a Fermi-liquid-like parameter AF (Dietl et al.,
1997; Haury et al., 1997; Jungwirth et al., 1999), which
enlarges the Pauli susceptibility of the hole liquid, typ-
ically by 20% in the 3D case. No disorder effects were
taken into account on the ground that their influence on
thermodynamic properties is relatively weak except for
the strongly localized regime. Obviously, a more elabo-
rated parametrization of the valence band is necessary in
many cases. For instance, the eight bands’ model was em-
ployed to compute the infrared (Hankiewicz et al., 2004)
and Hall conductivity (Werpachowska and Dietl, 2010b)
in (Ga,Mn)As, whereas the multi-orbitals’ tight-binding
approaches served to describe TC (Jungwirth et al., 2005;
Vurgaftman and Meyer, 2001; Werpachowska and Dietl,
2010b) and interlayer coupling (Sankowski and Kacman,
2005) in GaAs/(Ga,Mn)As superlattices.
Having the hole energies, the free energy density Fc[ ~M ]
was evaluated according to the procedure suitable for
Fermi liquids of arbitrary degeneracy, i.e., taking the
carrier entropy into account. By minimizing F [ ~M ] =
FS [ ~M ] +Fc[ ~M ] with respect to ~M at a given T , ~H, and
hole concentration p, Mn spin magnetization ~M(T,H)
was obtained as a solution of the mean-field equation,
~M(T,H) = xeffN0gµBSBS
[
gµB(−∂Fc[ ~M ]/∂ ~M + ~H)
kB(T + TAF )
]
,
(14)
where the peculiarities of the valence band structure,
such as the presence of various hole subbands, spin-
orbit coupling, crystalline cubic and strain-induced
anisotropies are hidden in Fc[ ~M ].
2. Theory of the Curie temperature
Near the Curie temperature TC and at H = 0, where
M is small and the free energy is an even function of
M , one expects Fc[M ] − Fc[0] ∼ −M2. It is conve-
nient to parameterize this dependence by a generalized
carrier spin susceptibility χ˜c, which is related to the
magnetic susceptibility of the carrier liquid according to
χc = AF(g
∗µB)2χ˜c. In terms of χ˜c,
Fc[M ] = Fc[0]−AFχ˜cβ2M2/2(gµB)2. (15)
By expanding BS(M) for small M and introducing the
spin susceptibility of the magnetic ions in the absence of
carriers, χ˜S = χ/(gµB)
2, one arrives at the mean-field
formula making it possible to determine TC,
AFβ
2χ˜S(TC, ~q)χ˜c(TC, ~q) = 1, (16)
where β should be replaced by the s − d exchange inte-
gral α in the case of electrons and ~q denotes the Fourier
component of the magnetization texture, for which TC
attains the highest value. For the spatially uniform mag-
netization q = 0 , in terms of xeff and TAF,
TC = TF − TAF, (17)
where TF is given by
TF = xeffN0S(S + 1)AFχ˜c(TC)β
2/3kB, (18)
with the cation concentration N0 = 4/a
3
0, 4/(
√
3a2c),
and 8/a30 for the zinc-blende, wurtzite, and elemental
diamond-structure DFSs, respectively. As discussed in
Sec. VII.E, for holes in tetrahedrally bound semiconduc-
tors the exchange integral β = −54 meV nm3, except per-
haps for mercury chalcogenides, in which the value of β
appears somewhat smaller (Furdyna and Kossut, 1988).
For other lattice structures, different combinations of hy-
bridization matrix elements describe an appropriate ex-
change integral characterizing coupling between carriers
and localized spins (Dietl et al., 1994).
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In the 3D case, typically, AF ≈ 1.2. For a strongly de-
generate carrier liquid |F|/kBT  1, χ˜c = ρs/4, where
ρs is the total DOS for intra-band spin excitations at
the Fermi level, typically reduced by spin-orbit inter-
actions from DOS for charge excitations ρF. An an-
alytic form of ρs was derived for the four band Lut-
tinger model (Ferrand et al., 2001). In the absence of
spin-orbit interactions and in the 3D case it is given by
ρs = ρF = m
∗
DOSkF/pi
2~2. In this case and for AF = 1,
TF assumes the well-known form, obtained already in the
1940s in the context of carrier-mediated nuclear ferro-
magnetism (Fro¨hlich and Nabarro, 1940) and in the 1970s
in the context of DMSs (Pashitskii and Ryabchenko,
1979). In general, however, χ˜c has to be determined nu-
merically by computing Fc[M ] for a given band structure
and degeneracy of the carrier liquid.
The above model predicts TF to be much higher for
holes than for electrons for two reasons: (i) the den-
sity of states ρs is typically lower in the conduction band
(though effects of spin-orbit interactions are weaker); (ii)
the s − d exchange integral α is typically over 4 times
smaller than the p-d integral β. Section X presents a
comparison of these predictions to experimental data.
As described earlier, TF can be computed by minimiz-
ing the free energy, and without referring to the explicit
form of the Kohn-Luttinger amplitudes ui~k. Since near
TC the relevant magnetization M is small, χ˜c can also be
determined from the linear response theory. The corre-
sponding ρs assumes the form (Dietl et al., 2001b),
ρs = lim
q→0
8
∑
ij~k
|〈ui,~k|sM |uj,~k+~q〉|2fi(~k)[1− fj(~k + ~q)]
Ej(~k + ~q)− Ei(~k)
,
(19)
where sM is the component of spin operator along the di-
rection of magnetization and fi(~k) is the Fermi-Dirac dis-
tribution function for the i-th valence band subband. A
quantitative analysis demonstrated that typically a 30%
contribution to TC originates from interband polarization
(the Bloembergen-Rowland mechanism) involving light
and heavy hole subbands (Dietl et al., 2001b). This for-
malism was extended to bulk states in topological insu-
lators, in which ui~k for both the valence and conduction
bands have a p-like symmetry, so that appreciable TF
can be expected from interband polarization even if the
Fermi energy resides in the band gap (Yu et al., 2010).
B. Theory of carrier-controlled Curie temperature in
reduced dimensionality and topological insulator systems
In thin films, heterostructures, and superlattices, ow-
ing to the formation of interfacial space charge layers,
the hole density and corresponding Curie temperatures
TC[p(z)] are non-uniform even for a uniform distribution
of acceptors and donors. The role of non-uniformity in
the carrier distribution grows on reducing the thickness
t of magnetic layers, and is particularly relevant in those
structures in which p(z) can be tuned electrostatically,
for instance, by the gate voltage. When t is larger than
the phase coherence length Lφ, the region with the high-
est TC value determines TC of the whole structure. If,
however, t < Lφ the value of local magnetization M(z)
and TC are determined by the distribution p(z) across
the whole channel thickness. In this regime two situa-
tions were considered:
If disorder is strong, ` < t, the scattering broaden-
ing makes dimensional quantization irrelevant although
quantum mechanical non-locality remains important.
Under these conditions the magnitude of layer’s TF can
be expressed as (Nishitani et al., 2010; Sawicki et al.,
2010),
TF =
∫
dzTF[p(z)]
∫
dzp(z)2/[
∫
dzp(z)]2, (20)
where TF(p) is to be determined from the relevant 3D
model and p(z) is to be evaluated from the Poisson equa-
tion taking into account the pinning of the Fermi en-
ergy by surface states. It was predicted within the p-d
Zener model that the energy position Es of surface states
should strongly affect the efficiency of TC tuning by the
gate voltage VG (see, Ohno, 2013 and Sec. X).
The opposite limit of a weak disorder ` t, relevant to
modulation-doped II-VI heterostructures, was also con-
sidered (Dietl et al., 1997; Haury et al., 1997). Owing to
a typically large confinement-induced splitting between
heavy and light hole subbands, only one ground state
heavy hole subband is occupied, for which the p-d ex-
change is of the Ising type, Hpd = −N0βszSz, so that
TF = N0xeffS(S + 1)AFβ
2m∗/(12pi~2kBL˜W), (21)
Here m∗ denotes the in-plane effective mass and L˜W is an
effective width of the region occupied by carriers relevant
to ferromagnetism given by (Dietl et al., 1999; Haury
et al., 1997),
L˜W = 1/
∫
dz|φ(z)|4. (22)
where φ(z) is an envelope function of the relevant 2D
subband. As seen, owing to a step-like form of DOS in the
2D case, TF does not depend on the hole density in this
case. The expression for TF was generalized further on
to the case of arbitrary degeneracy of the hole liquid and
by including effects of disorder via scattering broadening
of DOS (Boukari et al., 2002).
The case of high carrier concentrations leading to the
occupation of several hole subbands in (Ga,Mn)As based
multilayer structures was also considered by incorporat-
ing an LSDA approach to two (Giddings et al., 2008;
Jungwirth et al., 1999) and four (Ferna´ndez-Rossier and
Sham, 2002) band kp models, whereas the multi-orbitals’
tight-binding approaches served to describe TC (Vurgaft-
man and Meyer, 2001; Werpachowska and Dietl, 2010b)
and interlayer coupling (Sankowski and Kacman, 2005)
in GaAs/(Ga,Mn)As superlattices.
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Theoretical approaches were developed allowing to
evaluate Curie temperature for ferromagnetic ordering
of magnetic impurities mediated by Dirac carriers at the
surface of 3D topological insulators (Abanin and Pesin,
2011; Liu et al., 2009). An Ising type of exchange was
assumed, Hex = −N0JzszSz, leading to a gapped disper-
sion given by,
(~k) = ±[(JzM/2gµB)2 + (~vfk)2]1/2, (23)
where vf is the Fermi velocity. For such a case (cf. Liu
et al., 2009), in our notation,
TF = N0xeffS(S + 1)AFrJ
2
z (Ec − |F|)/(24pi~2kBv2f L˜W),
(24)
where N0 = 12/(
√
3a2c) and 4/a30 in hexagonal III-V
(e. g., (Bi1−xMnx)2Se3) and cubic II-VI or IV-VI (e. g.,
Sn1−xMnxTe) compounds, respectively; r is the number
of Dirac cones at a given surface; Ec is a cut-off energy as-
sociated with the termination of the Dirac surface band,
and L˜W is the penetration depth of Dirac carriers related
to their envelop function according to Eq. 22.
A formalism suitable to evaluate TF determined by
bulk states of topological insulators is presented at the
end of Sec. IX.A.2.
The formation of spin-density waves is expected in the
case of carrier-mediated ferromagnetism in 1D systems
(Dietl et al., 1999).
C. Theory of magnetization and hole polarization
The mean-field Eq. 14 allowed to determine Mn mag-
netization M(T,H), particularly M(T ) at T ≤ TC (Dietl
et al., 2001b) and M(H) at TC (S´liwa and Dietl, 2011).
The same formalism also provided quantitative informa-
tion on the value of thermodynamic hole spin polarization
(Dietl et al., 2001b),
P = 2gµB
βp
∂Fc(M)
∂M
, (25)
which, despite the spin-orbit interaction, can approach
90% in the relevant range of hole and Mn densities in
(Ga,Mn)As but gets reduced down to about 50% at high
hole densities (Dietl et al., 2001b).
Furthermore, hole magnetization Mc, which deter-
mines the magnitude of spontaneous magnetization
Ms(T ) = M(T ) + Mc(M) was evaluated taking into ac-
count the effect of a magnetic field on the valence band
(Dietl et al., 2001b; S´liwa and Dietl, 2006, 2013). It
was found that holes reduce (Ga,Mn)As magnetization
by about 10%, so that the value of the magnetic mo-
ment per one Mn ion can be taken as µ ' 4.5µB in fer-
romagnetic samples of (Ga,Mn)As weakly compensated
by donors. The hole contribution is, therefore, about 2
times smaller than would be in the absence of spin-orbit
coupling and for fully spin-polarized hole gas.
Theoretical studies of magnetic stiffness discussed in
Sec. IX.E made it possible to evaluate a reduction of
M(T ) by spin wave excitations (Ko¨nig et al., 2001; Wer-
pachowska and Dietl, 2010a).
D. Theory of magnetic anisotropy and magneto-elasticity
Since Mn2+ ions are in the orbital singlet 6A1 state
in DFSs, a single ion magnetic anisotropy is small (Ed-
monds et al., 2006; Fedorych et al., 2002), so that
the dominant contribution comes from spin-orbit effects
within hole band states (Dietl et al., 1997, 2000). Ow-
ing to an interplay of the spin-orbit interaction with
the crystal structure anisotropy, strain, and confinement
the characteristic crystalline magnetic anisotropy fields
Ha are typically larger than the shape term µoHd =
µoMs ≈ 0.13 T for a (Ga,Mn)As thin film with xeff =
10% (Dietl et al., 2001b). Similarly, in the case of
(Ga,Mn)As nanobars, crystalline magnetic anisotropy
determined by strain distribution specific to free standing
strained nanostructures dominates over the shape term
(Hu¨mpfner et al., 2007).
Accordingly, the theoretically expected character and
magnitude of crystalline magnetic anisotropy were ob-
tained by considering how the carrier free energy den-
sity Fc[ ~M ] depends on the direction of the magnetiza-
tion vector ~M with respect to crystallographic axes at
various values of epitaxial strain (Dietl et al., 2000). Fol-
lowing subsequent detail studies for (Ga,Mn)As epilayers
(Abolfath et al., 2001; Dietl et al., 2001b), further theo-
retical analysis of anisotropy energy coefficients Ki and
anisotropy fields Hi were carried out for the canonical
(001) films (Zemen et al., 2009) as well as, additionally,
for an arbitrary (11n) substrate orientation (Stefanowicz
et al., 2010a), the accomplishments discussed vis a` vis
experimental findings in Sec. X.D. The formalism was
developed for an arbitrary form of the strain tensor 
and it is valid as long as non-linear strain effects are not
significant. It was checked that terms linear in products
of ki and ij can be neglected (Stefanowicz et al., 2010a).
A sizable strength of crystalline magnetic anisotropy
and related magneto-elastic phenomena, comparable to
ferromagnetic metals despite much smaller magnetic ion
concentrations, comes from a large spin-orbit splitting of
the valence band (about 0.3 eV for arsenides and 1 eV
for tellurides), greater than the kinetic energy of holes
(Dietl et al., 2001b).
E. Theory of micromagnetic parameters and spin wave
dispersion
Similarly to other ferromagnets, a description of mag-
netization processes for various orientations of the ex-
ternal magnetic field ~H as well as the understanding of
the domain structure require information not only on the
magnetic anisotropy but also on the exchange stiffness.
These two micromagnetic characteristics correspond to
energy penalties associated with (i) deviation of magne-
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tization orientation from an easy direction, as described
above and (ii) local twisting of magnetization from its
global direction, respectively.
The exchange stiffness A and the related spin wave dis-
persion ω(~q) = Dq2, whereD = 2gµBA/M , were theoret-
ically determined for DFSs by examining the q dependent
part of the hole spin susceptibility χ˜c(~q) at a given aver-
age Mn magnetizationM (Brey and Go´mez-Santos, 2003;
Ko¨nig et al., 2001; Werpachowska and Dietl, 2010a). In
general, taking the presence of a spin-orbit interaction
into account, D is a tensor and, moreover, terms linear
in q can appear. Their magnitude and possible effects
were analyzed within a multi-orbital tight binding model
for thin films of (Ga,Mn)As (Werpachowska and Dietl,
2010a). A magnetic cycloid ground state was predicted
for a few monolayer thick (Ga,Mn)As films.
These works made it possible to evaluate the width of
the Bloch domain wall,
δW = pi(A/K)
1/2, (26)
which is the shortest length scale of the micromagnetic
theory. It was found (Dietl et al., 2001a) that over the
relevant range of material parameters δW & 15 nm stays
much longer than a mean distance between holes and Mn
ions in ferromagnetic (Ga,Mn)As. This evaluation sub-
stantiated the validity of the continuous medium approx-
imation, employed in the approach exposed in this chap-
ter. Moreover, it pointed out that the time honored mi-
cromagnetic theory, presented for (Ga,Mn)As-type ferro-
magnets in Appendix, and corresponding software pack-
ages, are also applicable to these systems.
The Gilbert damping parameter αG due to particle-
hole excitations in the (Ga,Mn)As valence band was eval-
uated first neglecting (Sinova et al., 2004; Tserkovnyak
et al., 2004), and then taking into account quantitatively
important vertex corrections within the four band model
(Garate and MacDonald, 2009). A monotonic decrease
of αG with the hole scattering rate was found. Within a
similar model, a magnitude of non-adiabatic spin torque
βw was evaluated and found to be of the order of one
(Hals et al., 2009). It would be interesting to find out
how a finite value of spin-orbit splitting between Γ8 and
Γ7 bands as well as localization and correlation effects
will affect these conclusions.
A verification of the present theory by examining the
temperature dependence of magnetization and specific
heat is presented in Sec. X.C, whereas Sec. X.E contains
a comparison of experimental results to theoretical pre-
dictions on the domain structure and spin wave excita-
tions. Section III.E contains information on experimental
determination of βw.
F. Limitations of the mean-field p-d Zener model
Material parameters – The model is parametrized by the
lattice constant a0; spin-orbit splitting ∆0; Luttinger pa-
rameters (γ1, γ2, and γ3 in the zinc-blende case when the
six band Luttinger Hamiltonian is employed); exchange
integral β; Landau’s Fermi liquid parameter AF, and–for
non-zero strain–by elastic moduli cij and two deforma-
tion potentials of the valence band, b and d. Two of these
parameters, β and AF, are known by now with an accu-
racy not better than 10%, which leads to the accumulated
error in calculated TC values of the order of 25%. Ad-
ditionally, a quantitative verification of any DFS theory
is challenging because of difficulties in assessing real hole
and Mn concentrations that, moreover, are often non-
uniformly distributed over the film volume, as discussed
in Sec. II.A.
Thermodynamic magnetization fluctuations – The ques-
tion how various corrections to the mean-field and con-
tinuous medium approximation affect theoretical values
of TC was addressed in some details (Brey and Go´mez-
Santos, 2003; Jungwirth et al., 2002, 2005; Popescu et al.,
2006; Timm and MacDonald, 2005; Yildirim et al., 2007).
It was found that the mean-field p-d Zener model remains
quantitatively valid for (Ga,Mn)As and related systems,
typical lowering of TC values by magnetization fluctua-
tions being below 20%, though a value of 30% was found
in the most recent study (Yildirim et al., 2007), if a cor-
rection for the classical spin approximation adopted in
that work is taken into account. According to Monte
Carlo simulations for the 2D case, the fluctuations of
magnetization diminish TC by a factor of 2 in the absence
of competing antiferromagnetic interactions, whereas in
the presence of these interactions, a net quantitative cor-
rection to the mean-field approximation is much reduced
(Lipin´ska et al., 2009).
Antiferromagnetic interactions – According to results
presented in Sec. VIII.A, carrier-mediated interactions
compete with short-range superexchange coupling be-
tween Mn ions in cation-substitutional and/or interstitial
positions. As discussed above, the presence of these an-
tiferromagnetic interactions can be incorporated into the
p-d Zener model by introducing two parameters, xeff < x
and TAF > 0. Additionally, the short-range antiferro-
magnetic interaction enhances the importance of the an-
tiferromagnetic portion of the RKKY coupling leading,
for hole densities comparable to the concentration of lo-
calized spins, to a further reduction of TC values com-
paring to those expected from Eq. 17 (Ferrand et al.,
2001). Actually, in this limit, p & N0x, randomness
of the interaction type (ferro vs. antiferro) associated
with RKKY oscillations can drive the system towards
a spin-glass phase rather than towards a ferromagnetic
ground state expected within the mean-field approxima-
tion (Eggenkamp et al., 1995). The stability of the ferro-
magnetic phase is, however, much enhanced in III-V and
II-VI DFSs by multiband structure and strong anisotropy
of the valence band (Timm and MacDonald, 2005).
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Kondo effect – The theory is developed for Mn concentra-
tions high enough that magnetic ordering temperature is
higher than the Kondo temperature, evaluated for II-VI
p-type DMSs to be of the order of 1 K (Dietl et al., 1997).
Effects of disorder and localization – The understand-
ing of the interplay between carrier-mediated ferromag-
netism and carrier localization is an emerging field of
research (Dietl, 2008b; Richardella et al., 2010; Sawicki
et al., 2010; Sheu et al., 2007). The relevant questions
here are how the presence of spins affect carrier local-
ization and how carrier-mediated ferromagnetism is in-
fluenced by localization. According to experimental in-
vestigations of (Ga,Mn)As (Matsukura et al., 1998) and
(Zn,Mn)Te (Ferrand et al., 2001), the magnitude of TC,
similarly to other thermodynamic properties, shows no
critical behavior at the MIT. A non-critical behavior of
TC across the MIT stems from the scaling theory of the
Anderson-Mott transition. This theory implies that an
average hole localization length, which diverges at the
MIT, remains much greater than the mean distance be-
tween acceptors for the experimentally important range
of hole densities. Thus, holes can be regarded as band-
like at the length scale relevant to coupling between mag-
netic ions. Hence, the spin-spin exchange interactions are
effectively mediated by the itinerant carriers, so that the
p-d Zener model can serve to evaluate TC, also on the
insulator side of the MIT as long as holes remain only
weakly localized. This view was supported by results of
inelastic neutron scattering of nearest neighbor Mn pairs
in p-(Zn,Mn)Te (Ke¸pa et al., 2003). In this experiment,
the hole-induced change in the pair interaction energy
shows the value expected for the band carriers despite
that the studied sample was on the insulator side of the
MIT.
As already mentioned, disorder introduces a certain
life-time broadening of DOS, the effect equivalent to the
lowering of TC by a finite mean free path within the
RKKY theory and being captured within, e. g., the co-
herent potential approximation (Jungwirth et al., 2005).
The broadening can also be phenomenologically intro-
duced to the p-d Zener model (Boukari et al., 2002;
Dietl et al., 1997), typically diminishing the magnitude
of DOS at F and, thus of TC. It was suggested (Dietl
et al., 2001b) that this effect would destroy theoreti-
cally predicted oscillations in the magnitude of the cubic
anisotropy field as a function of the Fermi level (hole con-
centration), as their period is smaller than the expected
broadening energy of relevant k states. It is important to
note that in contrast to the one-particle DOS which de-
termines, for instance, photoemission spectra and tunnel-
ing current (Altshuler and Aronov, 1985; Pappert et al.,
2006; Richardella et al., 2010), the DOS for intra-band
excitations, relevant to TC does not exhibit any interac-
tion and disorder-induced Coulomb anomaly at the Fermi
energy as well as does not show a critical behavior across
the MIT.
Importantly, not only ferromagnetic correlations but
C
u r
i e
 t e
m
p e
r a
t u
r e
TM concentration, DOS
strong coupling
weak coupling
VCA
MITMIT
FIG. 38 (Color online) Schematic dependence of TC on the
magnetic ion concentration and density of hole states at the
Fermi level for a weak and a strong p-d hybridization. Higher
values of TC are predicted within molecular field and virtual
crystal approximations (VCA) for the strong coupling. How-
ever, the region where the holes are not localized and mediate
the spin-spin interaction is wider in the weak coupling case.
From Dietl, 2008a.
also disorder effects, particularly, carrier localization de-
pends on the strength of the p-d interaction in DFSs.
This dual effect of the p-d coupling is sketched in
Fig. 38 (Dietl, 2008a). According to results presented in
Secs. VII and VII.E, on going from the weak to the strong
coupling regime, i. e., to materials with a short bond
length (nitrides, oxides), the magnitude of p-d hybridiza-
tion and, hence, the TM binding energy EI get progres-
sively enhanced, which shifts the critical hole density pc
for the MIT towards correspondingly higher values, nar-
rowing the hole concentration range where the carrier-
mediated ferromagnetism can appear (Dietl, 2008a). At
the same time, however, according to Eq. 18, the magni-
tude of the characteristic ferromagnetic temperature TF
increases with N0, that is when the cation-anion distance
diminishes (Dietl et al., 2000). It is still an open question
whether the MIT and, thus, the region of high TC values
can be experimentally achieved in nitrides and oxides.
Another consequence of carrier localization is the pres-
ence of static nano-scale fluctuations in the local DOS,
discussed in Sec. II.F. These fluctuations, typically ac-
companied by competing ferromagnetic and antiferro-
magnetic interactions, lead to a static phase separation
into regions differing in the magnitude of hole density
and, therefore, in the strength of ferromagnetic corre-
lations (Dietl, 2007; Dietl et al., 2000; Sawicki et al.,
2010). Such an electronic phase separation leads to
the appearance of randomly oriented ferromagnetic bub-
bles that start to develop at T ∗ > TC (Geresdi et al.,
2008; Matthias et al., 2002) and tend to order at T 
TC (Sawicki et al., 2010). Within this picture, the
localization-induced disappearance of carrier-mediated
ferromagnetism proceeds via a growing participation of
superparamagnetic regions, leading to melting away of
the percolating ferromagnetic cluster. Eventually, when
44
antiferromagnetic interactions will start to dominate, a
spin-glass phase will set in at low temperatures (see,
Sec. VIII.A). While excellent micromagnetic properties
are expected deeply in the metallic regime, where the p-d
Zener model should be quantitatively correct, the dimin-
ished volume of ferromagnetic regions at lower hole den-
sities makes the model only qualitatively valid. Alterna-
tively, in weakly compensated DFS samples, a ferromag-
netic superexchange or double exchange are expected to
appear in the strongly localized regime (see, Sec. VIII.B).
X. COMPARISON TO EXPERIMENTAL RESULTS
In this section a detailed comparison of experimental
and theoretical results is presented for III-V and II-VI
DFSs, for which relevant material parameters have been
already determined. It is expected that further works on
other compounds will allow for a quantitative description
of magnetism also in those systems.
A. Curie temperature
1. Chemical trends in III-V DFSs
In Fig. X.A.1 the highest values of TC found to date in
p-type Mn-based III-V DMSs are reported (Abe et al.,
2000; Chen et al., 2009; Olejn´ık et al., 2008; Scarpulla
et al., 2005; Schallenberg and Munekata, 2006; Wang
et al., 2008b; Wojtowicz et al., 2003a), and compared
to the early predictions of the p-d Zener model (Dietl
et al., 2000; Jungwirth et al., 2002) for fixed values of
the Mn and hole concentrations. We see that the the-
ory reproduces the chemical trends and describes semi-
quantitatively the absolute values of TC. The observed
trend reflects a decrease of the p-d exchange energy
N0β for larger cation-anion distances as well as an en-
hanced role of the competing spin-orbit interaction in
materials with heavier anions. However, a compari-
son of (In,Mn)As and (Ga,Sb)Mn or (Ga,Mn))As and
(Ga,Mn)P in Fig. X.A.1 indicates that the values of hole
effective masses in particular compounds are relevant,
too.
2. Curie temperatures in (Ga,Mn)As and related systems
Figure 40 presents the experimentally established
values of TC in a representative series of annealed
(Ga,Mn)As thin films as a function of saturation magne-
tization MSat determined at low temperatures, compared
to the expectation of the mean-field p-d Zener model. In
order to generate the theoretical curve (solid line), the
calculation scheme and the set of standard material pa-
rameters proposed previously (Dietl et al., 2001b, 2000)
FIG. 39 Predictions of the p-d Zener model compared to ex-
perimental data for p-type (III,Mn)V DMSs. Upper panel:
computed values of the Curie temperature TC for various p-
type semiconductors containing 5% of Mn and 3.5 × 1020
holes per cm3 (Dietl et al., 2000); the value for (In,Mn)Sb
is taken from (Jungwirth et al., 2002). Lower panel: the
highest reported values for (Ga,Mn)P (Scarpulla et al.,
2005); (Ga,Mn)As (Chen et al., 2009; Olejn´ık et al., 2008;
Wang et al., 2008b); (In,Mn)As (Schallenberg and Munekata,
2006)); (Ga,Mn)Sb (Abe et al., 2000); (In,Mn)Sb (Wojtowicz
et al., 2003a). Adapted from Dietl, 2010.
are employed.5 It is assumed that hole density and the
effective Mn concentration are equal and related to MSat
according to p = N0xeff = MSat/µ, where µ = 4.5µtextB
takes into account a contribution of holes to the total
magnetization. A similar comparison is shown in Fig. 41,
where the theoretical curve was obtained by tight-binding
theory within coherent potential and mean-field approxi-
mations, adjusting parameters to reproduce the empirical
band structure of GaAs and spin-splitting of (Ga,Mn)As
(Jungwirth et al., 2005).
The comparison of experimental and theoretical results
shown in Fig. 40 allows to draw several important con-
clusions concerning limitations of the p-d Zener model,
listed in Sec. IX.F. In particular, higher experimental
than theoretical TC values at low MSat stem, presum-
5 This set is: lattice parameter a0 = 5.65 A˚; spin-orbit splitting
∆0 = 0.34 eV; Luttinger parameters: γ1 = 6.85, γ2 = 2.1; γ3 =
2.9; exchange energy N0β = −1.2 eV; Landau’s Fermi liquid
parameter AF = 1.2.
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FIG. 40 (Color online) Curie temperature TC as a function
of saturation magnetization MSat for annealed (Ga,Mn)As
films grown in various molecular beam epitaxy (MBE) sys-
tems (Wang et al., 2008b). The solid line represents the p-d
Zener model (Dietl et al., 2000) assuming that the hole con-
centrations are equal to Mn concentrations N0xeff contribut-
ing to saturation magnetization, which overestimates TC in
the presence of Mn interstitials. Dashed line was obtained
including phenomenologically antiferromagnetic interactions
between Ga-substitutional Mn spins. Results of computa-
tions within one of ab initio approaches (Sato et al., 2010)
are also shown for a comparison.
ably, from nano-scale magnetization fluctuations at the
localization boundary making that a portion of Mn spins
does not participate in the ferromagnetic order. Under
these conditions, an experimentally determined average
value of MSat is smaller than relevant MSat correspond-
ing to the ferromagnetic percolation cluster setting up at
TC.
In the high MSat range, in turn, the magnitude of TC
saturates faster with MSat than expected theoretically.
In addition to a correction for the effect of thermody-
namic magnetization fluctuations, two other effects ap-
pear to come into play in this regime.
First, a relative importance of short range antifer-
romagnetic interactions between Ga-substitutional Mn
ions increases with the Mn concentration. As discussed
in Sec. VIII.A, these interactions do not affect xeff in
(Ga,Mn)As but make TAF > 0. Since a dependence
TAF(xeff, T ) is unknown for (Ga,Mn)As, guided by re-
sults for II-VI DMSs and (Ga,Mn)N (Sec. VIII), one can
assume TAF = (MSat/A)
m, where A is a fitting param-
eter and m = 2.3. The dashed line in Fig. 40 has been
obtained with µ0A = 10.6 mT.
Second, it is rather probable that Mn interstitials are
not entirely removed by annealing in this range of Mn
content (see, Secs. II.E and III.A). If this is the case,
the hole concentration is diminished according to Eqs. 1
and 2, p = N0(xeff − xI − zND). In particular, for
MSat = 71 mT, which corresponds to xeff = 6.1%, the
p-d Zener model with antiferromagnetic interactions re-
produces TC = 170 K for xI = 1.8% (if ND = 0), meaning
FIG. 41 (Color online) Curie temperature TC versus hole con-
centration p normalized by the effective Mn density (TC/xeff
and p/N0xeff, respectively) for annealed (Ga,Mn)As thin
films, where squares and stars represent samples with hole
density p determined from high field Hall effect and ion chan-
neling measurements (Rushforth et al., 2008), respectively.
The solid curve shows the tight-binding theory (Jungwirth
et al., 2005). Adapted from Wang et al., 2013.
that x = 9.7%. A systematically observed saturation in
values xeff and TC for x > 10% (Chiba et al., 2007; Mack
et al., 2008; Ohya et al., 2007b) suggests that substitu-
tional incorporation of Mn is particularly difficult in such
heavily Mn doped (Ga,Mn)As samples.
Finally, it should be recalled referring to Fig. 41 that
the agreement between the experimental and theoreti-
cal values could presumably be improved further on by
noting that the hole concentration p is underestimated
and overestimated by the Hall effect measurements in
the range of low and high concentrations of Mn accep-
tors, respectively, as discussed in Sec. II.G.
In view of the above discussion, particularly welcome
are studies of TC as a function of hole density in a single
sample, as such a dependence is virtually independent of
poorly known values of TAF and background concentra-
tions of compensating donors, N0xI and ND. According
to numerical results for the p-d Zener model (Dietl et al.,
2001b), γ = d lnTC/d ln p = 0.6–0.8 in the relevant region
of hole densities. This prediction was confirmed experi-
mentally by tracing the dependence TC(p) in (Ga,Mn)As
(Mayer et al., 2010) and (Ga,Mn)P (Winkler et al., 2011)
films irradiated by ions that produce hole compensating
donor defects, the original data for (Ga,Mn)As shown al-
ready in Fig. 13. As depicted in Fig. 42, the TC(p) results
point to γ =0.5-1.0, in agreement with the theory.
However, detailed studies of changes in TC induced
by the gate voltage Vg in metal-insulator-semiconductor
(MIS) structures of (Ga,Mn)As (Nishitani et al., 2010;
Sawicki et al., 2010) led to an entirely different value,
γ = d lnTC/d ln(−Vg) = 0.19 ± 0.02 (Nishitani et al.,
2010). As shown in Fig. 43, this finding was elucidated
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FIG. 42 (Color online) Curie temperature TC as a function
of sheet hole density change by consecutive irradiations with
Ne+ and Ar+ ions in Ga1−xMnxAs, x = 0.045, grown by low-
temperature MBE (Mayer et al., 2010) and in Ga1−xMnxP,
x ≈ 0.038, obtained by ion implantation and pulsed-laser
melting (Winkler et al., 2011), respectively. Dotted lines show
limiting trends in TC ∝ pγ , where γ =0.5 and 1, in accord with
the theoretical anticipation, γ = 0.6–0.8 (Dietl et al., 2001b;
Nishitani et al., 2010). For comparison, the ab initio approach
providing the data shown in Fig. 40 predicted ferromagnetic
ordering to vanish already entirely (TC = 0) for hole density
reduced twofold by compensation (Sato et al., 2010). After
Winkler et al., 2011.
by the p-d Zener model generalized to the case of a non-
uniform hole distribution obtained by solving the Poisson
equation in thin (Ga,Mn)As layers (Eq. 20), in which the
Fermi level at the surface is pinned in the gap region by
surface states (Nishitani et al., 2010; Sawicki et al., 2010).
However, a much higher value, γ & 1, was observed
for MIS structures of (Ga,Mn)Sb, as shown in Fig. 44(a)
(Hsiao Wen Chang et al., 2013). According to theoreti-
cal evaluations from Eq. 20, the efficiency of TC tuning
by VG and, hence, the magnitude of γ depends strongly
on the energy position of surface states in respect to the
valence band top. Since in (Ga,Mn)Sb, in contrast to
(Ga,Mn)As, the Fermi level is pinned in the valence band
by surface states, a large value of γ is theoretically ex-
pected, as depicted in Fig. 44(b).
A relation between TC and film resistance R, changed
by ferroelectric overlayers, was determined to be δ =
−d lnTC/d lnR = 0.35 ± 0.05 for a number of thin
(Ga,Mn)As films (Stolichnov et al., 2011). Information
on changes in hole mobility is needed to compare δ and
γ.
Finally, results of a study of TC as a function of hy-
drostatic pressure P (Gryglas-Borysiewicz et al., 2010)
were found consistent with the diagram in Fig. 38: TC
increases with P according to the p-d Zener model at a
high hole concentration but it decreases in a sample close
to the localization boundary. An increase of TC with P ,
of the magnitude corroborating the p-d Zener model, was
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FIG. 43 (Color online) Curie temperature TC in a metal-
oxide-semiconductor structure, in which the gate electric field
EG changes the hole distribution (inset) and density (the areal
hole concentration ps normalized to the thickness t of the
(Ga,Mn)As channel). The solid line represents the generalized
p-d Zener model for thin layers (Eq. 20), whereas the dotted
line shows the dependence predicted by the p-d Zener model
for the 3D case, corroborated by the data in Fig. 42. From
Nishitani et al., 2010.
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FIG. 44 (Color online) (a) Curie temperatures TC for vari-
ous surface densities of holes ps changed by gate voltage in
Ga1−xMnx)As and Ga1−xMnxSb channels of the thickness
t = 5 nm. The values of γ = d lnTC/d lnns are also shown
(from Hsiao Wen Chang et al., 2013). (b) Computed values
of γ as a function of the position of the Fermi level at the
surface in respect to the valence band top for Mn acceptor
concentration 2 × 1020 cm−3 and band structure parameters
of GaAs; the Fermi energy is known to be pinned by surface
states in the band gap of GaAs and in the valence band of
GaSb (from Ohno, 2013).
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FIG. 45 (Color online) Ferromagnetic temperature TF =
TC + TAF normalized to the effective Mn concentration as
a function of the Fermi wave vector (lower scale) and the
hole density (upper scale) for epilayers of p-type Zn1−xMnxTe
doped with N (full squares, Ferrand et al., 2001) and P (empty
square, Andrearczyk et al., 2001) as well as for modula-
tion doped p-(Cd,Mn)Te quantum wells (full circles, Haury
et al., 1997; empty circles, Boukari et al., 2002). The dashed
line represents the 2D (Dietl et al., 1999) and 3D p-d Zener
model (Dietl et al., 2000). Solid line is theoretical for the 3D
case, taking into account the antiferromagnetic portion of the
RKKY interaction (Ferrand et al., 2001). The dashed line
represents the 3D p-d Zener model (Dietl et al., 2000).
also reported for (In,Mn)Sb (Csontos et al., 2005).
3. Curie temperatures in II-VI DFSs
Since Mn in II-VI DMSs does not provide any carri-
ers, it is possible to vary the Mn and hole concentration
independently as well as to prepared modulation-doped
quantum wells, in which the mean free path is longer
than the well width. However, a relatively strong short-
range antiferromagnetic (AF) coupling between Mn spins
in II-VI DMSs, reduces TC significantly, as discussed
in Sec. VIII.A. The corresponding values od TAF(x)
and xeff(x) were determined from magnetization or spin-
splitting studies for undoped DMSs, confirming that at
low Mn concentrations x . 5%, xeff = x(1− x)12, as AF
coupling between the nearest neighbor Mn pairs is there
essential. As shown in Fig. 45, taking the presence of
the AF interactions into account, the magnitudes of TF
can be described quantitatively in p-(Zn,Mn)Te (Ferrand
et al., 2001).
In the case of 2D quantum wells of p-(Cd,Mn)Te, the
data shown in Fig. 45, substantiated the validity of Eq. 21
and, in particular, the dimensional enhancement of DOS
and thus of TF in the range of low carrier densities. The
parameter AF = 2.0 was adjusted to explain the mag-
nitude of TF (Boukari et al., 2002; Haury et al., 1997),
a value consistent with its independent magnetooptical
evaluation (Kossacki et al., 2004a). A more detailed anal-
ysis, combining solving of the Schroedinger equation for
a given Mn distribution with Monte Carlo simulations
for competing FM and AF interactions, confirmed the
presence of scattering broadening of DOS, and the associ-
ated reduction of TF at low hole concentrations (Lipin´ska
et al., 2009). Furthermore, the simulations explained a
specific shape of M(H) in terms of fast Mn dynamics,
even below TC, caused by AF coupling to Mn spins re-
siding beyond the region penetrated by holes.
A particularly relevant is the question whether the
Zener theory can be extended to n-type DMSs. So far
an indication of ferromagnetism was found by the obser-
vation of resistance hysteresis in n-Zn1−xMnxO:Al with
x = 3% and n = 1.4 × 1020 cm−3, which persisted up
to 160 mK (Andrearczyk et al., 2001). Such a value of
TC, factor of 20 lower than in p-type Zn1−xMnxTe with
a similar Mn content, is–in fact–expected theoretically
from Eq. 16: for similar values of AF and ρs in both sys-
tems, one order of magnitude difference between α2 and
β2 implies that the Mn spin susceptibility in the absence
of carriers, χS(TC), has to be greater by a similar fac-
tor, which was realized by lowering temperature below
200 mK.
B. Interlayer coupling
Detailed theoretical studies of interlayer exchange en-
ergy were carried out for (Ga,Mn)As/GaAs superlattices
within the multiorbital TBA (Sankowski and Kacman,
2005). The case of the (Al,Ga)As spacer was also consid-
ered. This theory predicted the regions of hole and Mn
densities as well as spacer thicknesses and Al concen-
trations, in which an antiferromagnetic interaction be-
tween (Ga,Mn)As layers should appear. However, only
ferromagnetic coupling has so-far been observed exper-
imentally for undoped spacers, as discussed in Sec. VI.
It would be interesting to find out whether the parame-
ter space where the antiferromagnetic interaction exists
would become narrower if disorder and hole redistribu-
tion between particular LT-grown layers were incorpo-
rated into the theory in a self consistent manner. Fur-
thermore, the role of dipole-dipole interactions is to be
considered, too.
C. Magnetization and specific heat
It appears not easy to separate experimentally the
hole contribution Mc to the total magnetization Ms and,
in particular, to verify whether it reduces Ms by 10%,
as predicted theoretically. However, measurements of
XMCD at the As K-edge did provide the values of spin
and orbital magnetic moments (Freeman et al., 2008;
Wadley et al., 2010) in agreement with the theory of hole
magnetization (S´liwa and Dietl, 2013). Furthermore, a
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recent study (Ciccarelli et al., 2012), using (Ga,Mn)As
as a gate for the Coulomb blockade in an Al dot, allowed
to determine the dependence of the Fermi level position
on the magnetic field. By using thermodynamic rela-
tions F = −∂Fc/∂p and Mc = −∂Fc/∂H, where Fc is
the carrier free energy we obtain ∂F/∂H = ∂Mc/∂p.
For x = 3% and assuming xI = 0 or 0.5% the theory
(S´liwa and Dietl, 2006, 2013) leads to −∂Mc/∂p = 14
or 15 µeV/T, respectively, in good agreement with the
experimental value of −∂F/∂µ0H = 18 ± 3 µeV/T for
Ga0.097Mn0.03As in the magnetic fields saturating Mn
spins, µ0H > 7.5 T (Ciccarelli et al., 2012).
It appears that there are three main ingredients under-
lying the temperature dependence of spontaneous mag-
netization in (Ga,Mn)As-type DFSs, which we discuss vis
a` vis theoretical expectations.
• The mean-field Eq. 14 allowed to determine TM
magnetization M(T,H). It was predicted that the
dependence M(T ) should evolve from the Brillouin-
like convex form at high hole densities towards a
concave shape at the Fermi energy smaller than
the low temperature spin splitting of the carrier
band (Dietl et al., 2001b). Such a change in the
magnetization behavior on reducing carrier density
at a given Mn concentration was indeed observed
in (Ga,Mn)As (Mayer et al., 2010). However, the
concave shape is also expected, and commonly ob-
served (Sheu et al., 2007), when the proximity of
the Anderson-Mott localization results in the for-
mation of superparamagnetic-like regions, whose
magnetization grows relatively slowly on decreas-
ing temperature (Sawicki et al., 2010).
• It was shown that away from the localization
boundary, the dependence Ms(T ) obeys the Bloch
T 3/2 law, demonstrating the importance of spin
wave excitations (Potashnik et al., 2002). How-
ever, the magnitude of the spin wave stiffness D
which was obtained in this way for a large se-
ries of samples, was by about factor of 2 greater
than expected theoretically (Werpachowska and
Dietl, 2010a). This discrepancy was resolved (Wer-
pachowska and Dietl, 2010a) by taking into ac-
count the presence of the spin gap brought by the
anisotropy field (Eq. A4). As shown, in Fig. 46,
the theory described the experimental dependence
Ms(T ) with no adjustable parameters.
• A complex temperature dependence of magnetiza-
tion was revealed in samples for which a combi-
nation of strain, hole and Mn density values re-
sulted in the temperature-induced spin reorienta-
tion transition (Sawicki et al., 2004, 2005; Wang
et al., 2005c). A simple single-domain model was
found to describe both ~Ms(T ) in the whole tem-
perature range and a critical-like behavior of a.c.
magnetic susceptibility in the vicinity of the tran-
sition (Wang et al., 2005c).
FIG. 46 (Color online) Temperature dependence of magneti-
zation in (Ga,Mn)As (Gourdon et al., 2007; Potashnik et al.,
2002) compared to the Brillouin (dashed line) and Bloch the-
ories neglecting and taking the spin gap into account (doted
and solid lines, respectively). From Werpachowska and Dietl,
2010a.
FIG. 47 (Color online) Experimentally determined specific
heat anomaly at the Curie temperature TC in as-grown
Ga0.974Mn0.026As, (points, Yuldashev et al., 2010). Theo-
retical temperature dependence of the magnetic specific heat
calculated with no adjustable parameters for the Heisenberg
and Ising models (solid and dashed lines, respectively, S´liwa
and Dietl, 2011).
Within the Ginzburg-Landau approach, spin wave
stiffness D controls also the lambda-like anomaly of spe-
cific heat C(T ) near TC. As shown in Fig. 47, the theory
(S´liwa and Dietl, 2011) described the experimental data
(Yuldashev et al., 2010) reasonably well, particularly as-
suming that owing to uniaxial anisotropy, the Ising uni-
versality class applies to (Ga,Mn)As.
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D. Magnetic anisotropy and magneto-elastic phenomena
A comparison of experimental data summarized in
Sec. III.B) to the theoretical model (Sec. IX.C), devel-
oped assuming literature values of deformation potentials
and elastic moduli (see, e. g., Stefanowicz et al., 2010a),
leads to a number of conclusions concerning particular
contributions to bulk crystalline magnetic anisotropy in
DFSs.
Cubic anisotropy: As anticipated taking disorder into
consideration (Dietl et al., 2001b), the experimental value
of the cubic anisotropy field does not show any notice-
able oscillatory behavior as a function of the hole con-
centration, expected within the disorder-free theory. At
the same time, the observed order of magnitude µ0Hc '
0.1 T at T  TC and temperature dependence are consis-
tent with the predicted amplitude of oscillations (Abol-
fath et al., 2001; Dietl et al., 2001b; Stefanowicz et al.,
2010a; Zemen et al., 2009). However, why the cubic
easy axis assumes predominantly 〈100〉 orientations in
(Ga,Mn)As, whereas the 〈110〉 directions are preferred
in (In,Mn)As and (Ga,Mn)P has not yet been theoreti-
cally explained.
In-plane uniaxial anisotropy: The sign and values of
µ0Hxy and µ0Hzz found experimentally confirm the ex-
istence of a theoretically expected surplus of Mn dimers
oriented along the [1¯10] direction for (001) (Ga,Mn)As
(Birowska et al., 2012), though the dimer formation can
depend sensitively on the surface reconstruction, partial
pressure of As, growth rate and temperature. The corre-
sponding lowering of symmetry is described by effective
strains xy and zz that can be incorporated into the p-
d Zener model. The in-plane uniaxial anisotropy field
µ0Hxy obtained is this way for (Ga,Mn)As (Stefanowicz
et al., 2010a; Zemen et al., 2009) is shown in Fig. 48 as a
function of the hole concentration for two values of spon-
taneous magnetization M(T ). In this range, µ0Hxy is
linear in xy, so that the magnitudes of p and M cor-
responding to the spin reorientation transitions [i. e.,
Hxy(p,∆) = 0] do not depend on the actual asymmetry
in the Mn dimer distribution, which can vary from sam-
ple to sample, depending on epitaxy conditions. These
theoretical results are in accord with directions of spin-
reorientation transitions [1¯10] [110] observed as a func-
tion of either hole density or temperature in both high
(Sawicki et al., 2005) and low hole concentration range,
where gating was employed to vary hole concentrations
(Chiba et al., 2008a; Sawicki et al., 2010).
Furthermore, the theory confirms a weaker tempera-
ture dependence of Hxy comparing to Hc, which accord-
ing to theoretical results shown in Fig. 49 for (Ga,Mn)As
leads to the spin reorientation transition from 〈100〉 to
[1¯10] on increasing temperature, in agreement with the
experimental observations (Kamara et al., 2012; Wang
et al., 2005c; Welp et al., 2003).
The same approach was successfully applied to explain
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FIG. 48 (Color online) Theoretical in-plane uniaxial
anisotropy field in (001) (Ga,Mn)As, normalized by magne-
tization, as a function of hole concentration at shear strain
xy = 0.05% for two values of the valence-band spin split-
ting parameter, BG = AFβM(T )/6gµB (adapted from Ste-
fanowicz et al., 2010a; Zemen et al., 2009). Arrows show
expected theoretically and observed experimentally (Chiba
et al., 2008a; Sawicki et al., 2010, 2005) spin reorientation
transitions on increasing hole density or temperature.
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be explained assuming that the [110]/[1-10] symmetry
breaking mechani m has opposit sign in this material
and therefore should be modelled by a negative value of
the effective strain exy. Then the easy axis transition of
TI-14 would correspond to arrow (2) in Fig. 12. Another
possibility is to assume the same sign of exy as for the
above samples and associate the transition in sample TI-
14 with arrow (4) in Figs. 13 and 14. Note, however, that
the intermediate-temperature a is tropy stat with the
largest magnetisat on projection along the [110] diagonal
seen when f llowing the theory trend along arrow (4) has
not been reported in the experimental study of sample
TI-14. Arrows (4)-(6) in Fig. 12 correspond to measured
anisotropy behaviour driven by increasing hole density
in pairs of as-grown and annealed samples TI-11,12, TI-
13,14, and TI-15,16.
At the upper end of the investigated effective Mn con-
centration interval the theoretical alignment of magnetic
easy axes is mapped by Figs. 13 and 14. Samples TI-17 to
TI-20 nominally doped to x = 7% were all annealed after
growth, passivated by hydrogen plasma, and then gradu-
ally depassivated to achieve different hole densities (mea-
sured by high-field Hall effect). Magnetic anisotropies
were determined by FMR. The assignment of the in-plane
diagonal directions to the non-equivalent [110] and [110]
crystallographic axes is not specified in this experimen-
tal work; recall that this ambiguity is not crucial for the
present discussion. The transiti observed in these sam-
ples from a cubic ([100]/[010] easy directions) dominated
anisotropy at low temperatur s to a uniaxial behaviour
at high temperatures is captured by arrows (3) and (4)
in Figs. 13 and 14. Importantly, the depassivated higher
hole density samples TI-19 and TI-20 show an additional
switching of the easy-axis from one to the other diagonal
direction at intermediate temperatures, consistent with
the theoretical temperature dependence along the arrow
(4). This double transition behaviour was also detected
in the annealed sa ple TI-25, where the temperature
dependent magnetisat o projections were measured by
SQUID. In this experiment it is identified that the easy-
axis first rotates towards the [110] direction at interme-
diate temperatures and then switches to the [110] direc-
tion at high temperatures, consistent with the behaviour
marked by arrow (4) in Figs. 13 and 14.
Samples TI-21,22 are measured only at low tempera-
ture. Easy axis reorientation from [100] to [110] direction
is driven by increase of hole density, which corresponds to
arrow (6) in Fig. 13 or 14. The hole density was measured
by the electrochemical capacitance-voltage method.
In-plane anisotropies of samples ith x ≈ 2% are mod-
elled in Fig. 15. To obtain the cubic anisotropy omi-
nated region at low temperatures and a transition to the
uniaxial behaviour at high temperatures, as observed in
samples TI-1 to TI-6, we take for this low Mn doping
exy = 0.005%. (The effective strain exy = 0.01% would
lead to easy axis along [110] over the entire temperature
range and for exy = 0.001% the cubic anisotropy region
would extend up to very high tem eratures.) Arrow (1)
FIG. 15: (Color online) Theoretical hole density - temper-
ature diagrams of crystal directions with the largest projec-
tion of the magnetic easy axis at x = 2%, exy = 0.005%,
e0 = −0.2%. Arrows mark anisotropy behaviour driven by
change of temperature or hole density explaining experimen-
tally observed behaviour surveyed in Tab. I.
FIG. 16: (Color online) Theoretical hole density - temper-
ature diagrams of crystal directions with the largest projec-
tion of the magnetic easy axis at x = 7%, exy = 0.03%,
e0 = −0.2%. Arrows mark anisotropy behaviour driven by
change of temperature or hole density explaining experimen-
tally observed behaviour surveyed in Tab. I.
in Fig. 15 corresponds to easy axis switching from the
[100] to the [110] direction in samples TI-1,2,3. Arrows
(2) and (3) in Fig. 15 mark the behaviour of the easy
axis driven by increasing hole density when annealing the
sample TI-1 to obtain the sample TI-2 at low and high
temperature, respectively. Sample TI-4 assumes the [110]
diagonal always harder than the [110] diagonal. A tran-
sition from cubic to uniaxial dominated anisotropy is ob-
served upon increasing the temperature. This behaviour
corresponds to arrow (1) in Figs. 15. (The hole density
of sample TI-3, p = 3.5 × 1020cm−3, was determined
by low-temperature high-field Hall effect measurements,
FIG. 49 (Color online) Theoretical hole density - temperature
diagrams of crystal directions with the largest projection of
the magnetic easy axis at xeff = 7%, xy = 0.03%, zz = 0.2%.
Arrows mark spin reorientation transitions driven by change
of temperature or ole density. From Zemen et al., 2009.
the direction and the magnitude of easy axis rotation
as a fu ction of the volt ge applied to a piezoelectric
actuator containing a (Ga,Mn)As film cem nted to its
surf ce along one of 〈110〉 directions (Rushforth et al.,
2008). In this case a real and known strain xy is imposed
by the actuator.
Theoretical description of the magnitude of Kxz within
the p-d Zener model for (113) (Ga,Mn)As (Stefanowicz
et al., 2010a) pointed also to the presenc of a sym-
metry lowering perturbation. The current th ory of
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FIG. 50 (Color online) A uniaxial anisotropy field induced
by epitaxial strain in (Ga,Mn)As/(Ga,In)As (circles, Glunk
et al., 2009) and in (Ga,Mn)(As,P)/GaAs (squares, Cubukcu
et al., 2010) compared to predictions of the p-d Zener model
for the selected values of the hole concentrations and the
parameter BG characterizing the valence band spin-splitting
(Glunk et al., 2009). The value BG = 30 meV corresponds to
saturation magnetization at xeff ' 0.05.
dimer-related magnetic anisotropy for (001) (Ga,Mn)As
(Birowska et al., 2012) has not yet been extended to other
orientations of the substrate, so that this finding awaits
for a theoretical interpretation.
Out-of-plane uniaxial anisotropy: As exemplified in
Fig. 50, the theory (Dietl et al., 2001b) describes quanti-
tatively the magnitude anisotropy field µoHzz in (001)
(Ga,Mn)As at 4 K as well as its dependence on the
epitaxial strain zz, as determined by various groups
(Cubukcu et al., 2010; Glunk et al., 2009) for samples
with typical hole and Mn concentrations, 3× 1020 . p .
6×1020 cm3, 0.035 . xeff . 0.065. At given p, Hzz varies
linearly with spontaneous magnetization Ms(T ) (at not
too high Ms), which accounts for the dependence of Hzz
on temperature. A good agreement between the exper-
iment and theory for magnetic anisotropy generated by
epitaxial strain was also found for (113) (Ga,Mn)As (Ste-
fanowicz et al., 2010a).
By decreasing hole density down to p ≈ 1020 cm−3,
a temperature-dependent spin reorientation transition
takes place from in-plane to perpendicular easy axis ori-
entations (see, Sec. III.B), in agreement with theoretical
predictions within the six bands’ kp model (Dietl et al.,
2001b), as shown in Fig. 51. The perpendicular align-
ment of the easy axis for compressive strain is actually ex-
pected within a kp four band model of the valence band,
which is valid at low hole concentrations. This model
implies the perpendicular and in-plane orientation of the
total orbital momentum ~J of holes for compressive and
tensile strain, respectively, explaining the corresponding
alignment of Mn spins in (Al,Ga,Mn)As (Takamura et al.,
2002) and (Ga,Mn)P (Bihler et al., 2007) in the low hole
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FIG. 51 (Color online) Experimental (solid points) and com-
puted values (thick lines) of the ratio of the spin reorien-
tation temperature to Curie temperature for a flip of the
easy axis from the perpendicular to in-plane direction in
Ga1−xMn1−xAs. The hole concentration in the x = 5.3%
sample is changed by annealing. No spin reorientation tran-
sition was found for the x = 3% sample (empty circle), in
agreement with the theory for this Mn concentration. Dashed
lines mark expected temperatures for the reorientation of the
easy axis between 〈100〉 and 〈110〉 in-plane directions. The
〈100〉 orientation of the in-plane easy axis is observed for these
samples. Adapted from Sawicki et al., 2004.
concentration regime.
According to theoretical results displayed in Fig. 51,
at high hole densities p & 1021 cm−3, a subse-
quent spin reorientation transition between in-plane and
perpendicular-to-plane magnetic anisotropy is expected
theoretically for (Ga,Mn)As (Sawicki et al., 2004; Wer-
pachowska and Dietl, 2010b; Zemen et al., 2009), which
has not yet been found experimentally.
In the case of patterned nanobars, a starting point
of a theoretical analysis was a strain distribution, as
determined by finite element computations and x-ray
diffraction for nanobars patterned along various crystal-
lographic directions from two different (Ga,Mn)As wafers
(King et al., 2011). A linear dependence of the magnetic
anisotropy energy on strain allowed to develop theory
in terms a mean strain over the bar cross-section. As
a whole, the theory confirmed that strain relaxation ac-
counts for the alignment of the easy axis along the long
edge of nanobars, as observed (Hu¨mpfner et al., 2007;
King et al., 2011). However, while the computed magni-
tude and temperature dependence of magnetic anisotropy
characteristics were found in a satisfactory agreement
with the data for nanobars patterned from one wafer,
there were significant quantitative discrepancies in the
case of another series of nanobars (King et al., 2011). It
might be that the single domain approximation breaks
down in some samples with highly non-uniform strain
distribution.
Another important effect of strain in zinc-blende crys-
tals is the appearance in the hole dispersion of terms
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linear in k, coupled to the hole total orbital momentum
~J , given within the four band model by (Ivchenko and
Pikus, 1995),
Hk = C5~φ ~J + C6 ~ψ ~J. (27)
Here Ci are relevant kp parameters (deformation po-
tentials); φx = kyxy − kzxz [and cyclic permutations
(c. p.)] and ψx = kx(yy − zz) (and c. p.), where ij
denote the sum of the deformation-induced and effective
components of the strain tensor. Remarkably, the form
of Hk implies that electric current, by leading to a non-
zero value of < ~k > in its direction, generates an effective
magnetic field that can orient hole spins and, thus, serve
to switch the direction of magnetization. Such an effect
was demonstrated experimentally (Chernyshov et al.,
2009; Endo et al., 2010b), and interpreted within this kp
formalism.
Finally, we note that the theory (Dietl et al., 1997;
Kossacki et al., 2004b) readily explains why in p-type
(Cd,Mn)Te quantum wells under compressive strain the
easy axis is along the growth direction z (Fig. 19), as for
this strain configuration and confinement the heavy hole
subband is occupied, for which Jz = ±3/2 and, thus,
sz = ±1/2. In contrast, for tensile strain light hole sub-
band is involved, so that Jz = ±1/2), and hence the
hole spins and, thus, the easy axis assume the in-plane
orientation.
E. Domain structure, exchange stiffness, and spin waves
Macroscopically large magnetic domains were observed
in (Ga,Mn)As with in-plane magnetic anisotropy (Welp
et al., 2003), which confirmed excellent micromagnetic
properties of this system. High-resolution electron holog-
raphy technique provided direct images of domain wall
magnetization profiles of such films (Sugawara et al.,
2008). The Ne´el type domain walls were found of the
width ranging from approximately 40 to 120 nm, the val-
ues consistent with the magnitude of (A/KC)
1/2 ≈ 40 nm
computed within the p-d Zener model for the studied
films (Sugawara et al., 2008).
In the case of a 200 nm thick (Ga,Mn)As film un-
der tensile strain imposed by an (In,Ga)As substrate,
with the easy axis perpendicular to the plane, peri-
odic stripe domains were revealed by a micro-Hall scan-
ning probe (Shono et al., 2000). It was found (Dietl
et al., 2001a) that the values of the energy Ku of uni-
axial magnetic anisotropy and of the exchange stiffness
A, both determined from the p-d Zener model, lead to
the low-temperature width of the stripes W = 1.1 µm,
which compares favorably with the experimental value
W = 1.5 µm. However, the data suggest that a decrease
of A with temperature is slower than expected theoreti-
cally.
More recently, the values of Ms, Ku, and A were de-
termined for a series of (Ga,Mn)As and (Ga,Mn)(As,P)
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FIG. 52 (Color online) Spin-wave stiffness obtained from
time-resolved magnetooptical studies of Ga1−xMnxAs at 15 K
(solid circles, Neˇmec et al., 2013) and from widths of domain
stripes (Haghgoo et al., 2010) measured at 4 K (empty square)
or determined by extrapolation to low temperatures the val-
ues obtained at T = 0.4TC (solid squares) for (Ga,Mn)(As,P)
on GaAs and (Ga,Mn)As on (In,Ga)As (solid triangle). Solid
and dotted lines represent zero-temperature p-d Zener mod-
eling with no adjustable parameter for p = 0.3N0x and
p = N0x, respectively, in (Ga,Mn)As (Werpachowska and
Dietl, 2010a). Zero-temperature spin wave stiffness obtained
by ab initio computations is shown for a comparison (dashed
line, Bouzerar, 2007).
50-nm films with perpendicular magnetic anisotropy by
combining magnetometry and ferromagnetic resonance
with Kerr microscopy that allowed to determine the pe-
riod of stripe domains (Haghgoo et al., 2010). As shown
in Fig. 52, the low temperature value of D = 2gµBA/M
deduced from the data agrees with the expectations of
the p-d Zener model for T  TC. On the other hand, a
decrease of A and, thus of D with temperature for this
sample is faster in this case (Haghgoo et al., 2010) than
expected theoretically. Accordingly, the magnitude of D
obtained for a series of samples at T = 0.4TC, even en-
larged by 20% implied by temperature variation of Ms
between T = 0.4TC and T  TC, are lower than theoret-
ically predicted (Fig. 52).
Spin-wave signatures were clearly resolved in ferromag-
netic resonance (FMR) (Bihler et al., 2009; Fedorych
et al., 2002; Liu et al., 2007) and pump-probe differen-
tial magnetic Kerr experiments (Wang et al., 2007a) on
(Ga,Mn)As films. However, a quantitative interpreta-
tion of resonance energies in terms of dimensional quan-
tization of the spin wave spectrum was so-far possible
only assuming the presence of long range inhomogeneities
along the growth direction, taken in the form of a trian-
gular (Bihler et al., 2009) or a parabolic well (Liu et al.,
2007). Similarly, heavily debated are effects of pinning,
magnetic anisotropy, and modes at surfaces and inter-
faces (Bihler et al., 2009; Liu et al., 2007; Wang et al.,
2007a). The experimental values of spin-wave stiffness
D obtained by various experiments show a rather large
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dispersion (Werpachowska and Dietl, 2010a).
Recently, spin-wave-like resonances were detected by
time-resolved magnetooptics on a series of thin annealed
(Ga,Mn)As samples (Neˇmec et al., 2013). Energy dif-
ferences between particular resonances and scaling with
sample thickness indicated that dimensional quantization
of bulk spin waves in spatially uniformed ferromagnetic
slabs was observed. The values of D obtained in this way
are larger by a factor of about 2 than expected within the
p-d Zener model, as shown in Fig. 52.
F. Spintronic structures
Modeling of spin-injection efficiency, tunneling magne-
toresistance, and domain wall resistance in various struc-
tures of DFSs is particularly appealing from the theoret-
ical perspective as useful results can be obtained neglect-
ing disorder entirely. Below we present a quantitative
outcome of the disorder-free Landauer-Bu¨ttiker coherent
transport theory combined with either multiband kp or
multiorbital tight-binding approaches, the latter better
handling the inversion symmetry breaking (Dresselhaus
terms) and interfacial Rashba effects as well as the tun-
neling via ~k points away from the zone center. Within
the employed formalisms, the holes are assumed to re-
side in the GaAs-like valence band, subject to the p-d
exchange interaction treated within the virtual crystal
and molecular field approximations with the standard
values of the sp−d exchange energies, N0α = 0.2 eV and
N0β = −1.2 eV. As shown in this section, a number of
prominent spintronic characteristics, including spin injec-
tion efficiency, the magnitude of TMR and TAMR effects
as well as domain-wall resistance (reviewed in Secs. IV,
V.D, and III.E, respectively), are captured by such mod-
eling, though some aspects of experimental results, such
as zero-bias anomaly in tunneling spectra (Chun et al.,
2002; Pappert et al., 2006; Richardella et al., 2010), a
strong temperature dependence of TMR magnitude at
T  TC (Chiba et al., 2004a) or very large values of
TAMR in nanostructures (Giddings et al., 2005; Ru¨ster
et al., 2005) or junctions (Pappert et al., 2006) point to
the importance of correlation effects at the localization
boundary, which have not been taken into account in
theoretical models developed up to now.
1. Spin current polarization
Spin current polarization Πinj in Esaki diodes was com-
puted within the forty orbitals’ sp3d5s∗ tight-binding
model (Sankowski et al., 2006, 2007; Van Dorpe et al.,
2005). Figure 53 presents theoretical values of Πinj at
low bias for various Mn and hole concentrations for a
Ga1−xMnxAs/n-GaAs Esaki diode with the depletion
region consisting of 4 double-monolayers and assuming
n = 1019 cm−3 in GaAs. As the magnitude and the
dependence of hole spin splitting on the orientation of ~k
FIG. 53 (Color online) Computed spin polarization (points)
of Zener tunneling current at zero temperature and low bias
voltage 0.01 V in Esaki diodes of unstrained Ga1−xMnxAs and
n-GaAs (inset) with the electron concentration n = 1019 cm−3
as a function of the effective Mn density (left panel) and
hole concentration for two orientations of magnetization in
respect to the current direction (right panel). Adapted from
Sankowski et al., 2006, 2007.
with respect to ~M are different in particular valence band
subbands, the predicted values of Πinj vary strongly not
only with xeff, p, and n but also with the angle θ between
~j and ~M .
As mentioned in Sec. IV, three experiments (Ciorga
et al., 2009; Kohda et al., 2006; Van Dorpe et al., 2004)
carried out at T  TC and θ = 45o, 0o, 90o for sam-
ples with nominal Mn content x = 0.08, 0.057, 0.05 and
TC = 120, 70, 65 K led to Πinj = 0.4, 0.47, and 0.51, re-
spectively. The values of TC for particular samples im-
ply a certain degree of compensation by interstitial Mn
and/or antisite defects, so that xeff 6 x and p < N0x.
Taking this into account, we conclude that the theoreti-
cal results summarized in Fig. 53 are consistent with the
experimental findings, though a quantitative comparison
requires more accurate information on the magnitudes of
xeff and p. Furthermore, the theory (Van Dorpe et al.,
2005) explained a decay of Πinj to zero at the bias of the
order of 0.2 V (Ciorga et al., 2009; Kohda et al., 2006;
Van Dorpe et al., 2004) (see, Fig. 26). Since spin injection
is a surface-sensitive phenomenon, the theory (Sankowski
et al., 2007; Van Dorpe et al., 2005) predicted a 6% dif-
ference in Πinj for M ‖ [110] in comparison to the case
M ‖ [11¯0] at xeff = 0.08 and p = 3.5× 1020 cm−3, the ef-
fect found experimentally (Van Dorpe et al., 2005). This
difference is about factor of 10 greater than that gener-
ated by effective shear strain (see, Sec. X.D), xy . 0.1%
(Sankowski et al., 2007).
It is worth noting that the magnitudes of Πinj depicted
in Fig. 53 are only approximately equal to the values of
spin current polarization Pc provided by Andreev reflec-
tion or domain wall velocity. With this taken into ac-
count, the theoretical results on Πinj are consistent with
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FIG. 54 Computed magnitudes of TMRp = (R↑↓−R↑↑)/R↑↓
for the hole concentration 1020 cm−3, current along the [001]
direction, and magnetization along the [100], [001], and [101]
directions (TMRx, TMRz, and TMRxz, respectively). The
data are shown for two values of hole spin polarization P =
0.75 and 0.89 corresponding to, at T  TC, xeff ' 0.042
and 0.066, respectively. The values expected from Julliere’s
formula TMRp = 2P
2/(1+P 2) are shown by horizontal lines.
From Brey et al., 2004.
available data on Pc (Curiale et al., 2012).
An effective and tunable by bias injection of spin po-
larized electrons was predicted theoretically, within an
eight band kp model, for interband resonant tunneling
in double-barrier InAs/AlSb/GaxMn1−xSb/AlSb/InAs
heterostructures (Petukhov et al., 2003).
2. Magnetic tunnel junctions
Figure 54 shows the magnitudes of TMRp =
TMR/(TMR + 1), where TMR is defined in Sec. V.D,
for a trilayer structure containing (Ga,Mn)As electrodes
separated by a non-magnetic 0.3 eV-high hole barrier,
computed within a six band kp approach employing Lut-
tinger parameters of GaAs and assuming realistic val-
ues of hole spin polarization P and concentration p in
(Ga,Mn)As. As seen, for p = 1020 cm−3 and P = 0.75
(xeff ' 0.042; Dietl et al., 2001b), the theory satisfacto-
rily describes the experimental TMR magnitude as well
as its dependence on the barrier thickness and magnetiza-
tion orientation, as observed for Ga0.96Mn0.04As /AlAs/
Ga0.968Mn0.032As (Tanaka and Higo, 2001; see, Fig. 27).
The tight binding model discussed in the previous sub-
section in the context of spin current polarization was
also successfully employed (Sankowski et al., 2006, 2007)
to describe low temperature magnitudes of TMR in tri-
layer structures with (Ga,Mn)As electrodes and AlAs
(a) (b)
FIG. 55 (Color online) Comparison of experimental (a) and
computed (b) values of differential conductance dI/dV (thin
lines) and TAMR = (I [001]− I [100])/I [100] (thick lines), where
the indices [001] and [100] describe magnetization orientation,
as a function of bias V in a resonant tunneling diode with a
(Ga,Mn)As hole emitter, grown along the [001] direction. Ex-
perimental and theoretical data come into agreement if renor-
malization of V and TAMR values by a factor of 5 implied
by a series resistance is taken into account. The computation
was performed for indicated values of average hole energy 
and in plane momentum kx. From Elsen et al., 2007.
(Tanaka and Higo, 2001) or GaAs (Chiba et al., 2004a)
barriers. Furthermore, the theory reproduced a fast de-
crease of TMR with the device bias as well as it indi-
cated that the magnitude of TAMR should not exceed
10% under usual strain conditions and for hole densities
corresponding to the metal side of the metal-to-insulator
transition (Sankowski et al., 2007).
Theoretical studies were put forward to examine TMR
and TAMR in double barrier structures within a six band
kp theory. It was demonstrated that spin-dependent res-
onant tunneling could dramatically enhance TMR in res-
onant tunneling diodes containing both emitter and col-
lector of (Ga,Mn)As (Petukhov et al., 2002). This predic-
tion has not yet been confirmed experimentally presum-
ably because it is not easy to ensure coherent tunneling in
RTDs grown by LT MBE (Mattana et al., 2003). In con-
trast, the six band kp formalism explained a character of
TAMR oscillations as a function of bias in a double bar-
rier structure with one (Ga,Mn)As electrode, as depicted
in Fig. 55 (Elsen et al., 2007).
3. Domain wall resistance
A spherical four band model (Nguyen et al., 2006)
and a twenty orbitals’ sp3s∗ tight-binding approximation
(Oszwa ldowski et al., 2006) were employed to evaluate
the intrinsic domain-wall resistivity RintA in unstrained
(Ga,Mn)As within the disorder free Landauer-Bu¨ttiker
formalism. These studies demonstrated that owing to
the spin-orbit interaction RintA > 0 even if the domain-
wall width is much longer than the de Broglie wavelength
of holes at the Fermi level. Various crystallographic ori-
entation of (Ga,Mn)As nanowires containing either Bloch
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or Ne´el domain walls were considered (Oszwa ldowski
et al., 2006). It was found that the computed values
10−2 & RintA & 10−3 Ωµm2 depending on hole den-
sity, are at least one order of magnitude smaller than the
ones determined experimentally for domain walls pinned
by etched steps (Chiba et al., 2006b; Wang et al., 2010b;
see, Sec. III.E) but consistent with the much lower value
RintA = 0.01± 0.02 Ωµm2, found in the case of the wall
pining by linear defects (Wang et al., 2010b).
XI. SUMMARY AND OUTLOOK
A series of accomplishments presented in this review
has documented a prominent role of dilute ferromagnetic
semiconductors, especially (Ga,Mn)As, in bridging sci-
ence and technology of semiconductors and magnetic ma-
terials. Indeed, several spintronic functionalities revealed
in DFSs are now extensively explored in ferromagnetic
metals, examples include electrical spin injection to semi-
conductors, electric-field control of magnetism, single do-
main wall motion by spin-torque transfer in the absence
of a magnetic field, and tunneling anisotropic magne-
toresistance in sequential, resonant, and Coulomb block-
ade regimes. Conversely, the Stoner-Wohlfarth, Landau-
Lifshitz-Gilbert, and Berger-Slonczewski formalisms, de-
veloped initially for magnetic metals, have been success-
fully employed to describe spintronic characteristics of
DFS-based ferromagnets.
An outstanding aspect of DFSs is that input param-
eters to these formalisms can be theoretically evalu-
ated by incorporating exchange coupling between car-
riers and localized spins into the computationally ef-
ficient kp or tight binding approaches, employed rou-
tinely to model semiconductor properties and devices.
As emphasized in this review, the p-d Zener model de-
scribes semi-quantitatively, and often quantitatively, a
number of thermodynamic and micromagnetic proper-
ties of tetrahedrally coordinated DFSs containing delo-
calized or weakly localized valence band holes, including
the Curie temperature in various dimensionality systems,
Mn spin and hole magnetization, anisotropy fields, and
exchange stiffness as a function of hole and Mn ion con-
centrations. It remains to be seen whether progress in the
experimental determination of these concentrations will
bring experimental and theoretical results even closer.
Furthermore, a number of findings reviewed here doc-
umented substantial progress in assessing the role played
by Anderson-Mott localization, the competition between
ferromagnetic and antiferromagnetic interactions, solu-
bility limit, self-compensation, and the transition to the
strong coupling case with decreasing of the lattice pa-
rameter – the challenges that had been identified (Dietl
et al., 2000) as possible obstacles on the way to syn-
thesize a DFS supporting ferromagnetic order up to
above room temperature. In particular, as currently
known, the influence of antiferromagnetic interactions
and self-compensation limit TC to about 200 K so far
in (Ga,Mn)As. At the same time, the importance of
quantum localization in (Ga,Mn)As and related systems
makes a quantitative description of static and dynamic
conductivities difficult as there is no appropriate theory,
even for non-magnetic semiconductors, in this regime.
The strong coupling, in turn, shifts the insulator-to-metal
transition to a non-achievable Mn and hole concentra-
tion range as of today in nitrides and oxides, so that
rather than hole-mediated coupling, ferromagnetic su-
perexchange accounts for TC up to 13 K in Ga0.9Mn0.1N
with the Fermi level residing in the Mn acceptor impu-
rity band. A striking consequence of solubility limits is
a self-organized assembling of magnetic nanocrystals in-
side a semiconductor host by chemical or crystallographic
phase separation. These heterogeneous magnetic systems
have apparent TC usually well above room temperature
and, accordingly, a number of groups look for possible
spintronic functionalities of such nanocomposites.
Is it then possible to obtain a high TC uniform DFS?
The view that the p-d Zener mechanism can result in the
robust ferromagnetism is supported by the case of double
perovskite compounds, such as Sr2CrReO6, where this
mechanism leads to magnitudes of TC as high as 625 K,
despite the fact that the distance between localized spins
is as large as 0.6 – 0.7 nm (Serrate et al., 2007), much
greater than the separation of 0.5 nm between next near-
est neighbor cations in GaN and ZnO. In light of this es-
timate, the search for a room temperature uniform DFS
will continue to be an active field of research. Here, in
addition to 3d TM impurities in various hosts, other spin
dopants will be considered, including 4d TMs and ele-
ments with open f shells as well as spin carrying defects.
However, independently of the progress in achieving a
high TC system, (Ga,Mn)As and related compounds as
well as a (Ga,Mn)N-type of ferromagnets will continue to
constitute an important playground for exploring novel
phenomena, functionalities, and concepts at the intersec-
tion of semiconductor physics and magnetism.
In addition to current interest in various magnetically
doped semiconductors, oxides, and organic materials, a
lot of attention will be devoted to four emerging fam-
ilies of compounds: (i) high Curie temperature ferri-
magnetic spinel oxides and Heusler compounds such as
Mn2CoAl (Ouardi et al., 2013), awaiting mastering of de-
fect and carrier control; (ii) high Ne´el temperature semi-
conductors, e. g. LiMnAs, for antiferromagnetic spin-
tronics (Jungwirth et al., 2011); (iii) topological insu-
lators, in which ferromagnetism might be mediated by
Dirac electrons, e. g., (Bi,Mn)2Te3 (Checkelsky et al.,
2012); (iv) derivatives of FeAs- and CuO-based super-
conductors, such as (K,Ba)(Zn,Mn,Fe)2As2 compounds
(Zhao et al., 2013) for studies of interplay between p-d
Zener ferromagnetism, antiferromagnetic superexchange,
and superconductivity. Here, nanocharacterization pro-
tocols, elaborated over the recent years for DMSs (Bo-
nanni, 2011), will play the essential role in the meaningful
development of new materials.
One may anticipate that an increasing number of
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studies will be devoted to hybrid structures combin-
ing DFSs with other ferromagnets, antiferromagnets,
superconductors, and topological insulators as well as
to nanostructured systems, such as magnetically doped
rings, nanowires, nanoconstrictions, quantum dots, and
colloidal nanocrystals, including possibly more complex
structures, such as nano electro mechanical systems. Re-
cent progress in the fabrication of (Zn,Mn)Te/(Zn,Mg)Te
core/shell nanowires (Wojnar et al., 2012) allows one to
search for exotic ground states in modulation-doped 1D
magnetic systems. Similarly, studies of magnetic quan-
tum dots (Abolfath et al., 2007) and colloidal nanocrys-
tals (Beaulac et al., 2008; White et al., 2008) bridge on
the one hand the physics of bound magnetic polaron and
carrier-controlled ferromagnetism, and on the other, the
electronic and nuclear magnetism.
In this review, we primarily focussed on properties and
functionalities resulting from the collective spin phenom-
ena. Another ultimate limit of DMSs research constitutes
works on manipulation of a single TM spin. This field of
solotronics (Koenraad and Flatte´, 2011) began in DMSs
by exploiting a single Mn in II-VI (Cibert et al., 2008;
Goryca et al., 2009) and III-V (Kudelski et al., 2007)
self-assembled quantum dots. Another single-impurity
phenomenon, not yet explored in the context of DMSs,
is the Kondo effect expected in the case of a localized spin
coupled by an antiferromagnetic exchange to a Fermi sea
of carriers.
On the theoretical side, enduring progress in the reli-
ability of ab initio methods is expected. From the DFS
perspective, in addition to the issue of results’ conver-
gence as a function of the energy cut-off, density of k
points, and the number of atoms in the supercells, three
experimentally relevant challenges, of differing numeri-
cal complexity, can be given: (i) the incorporation of the
spin-orbit interaction that significantly affects the band
structure of DFSs and accounts for magnetic anisotropy
effects – some progress in that direction has already been
reported (Mankovsky et al., 2011); (ii) the improved
treatment of the exchange-correlation functional, so that
more realistic values of the band-gap and d-level positions
can be predicted as well as Mott-Hubbard localization of
d electrons handled adequately – here also improved com-
putational schemes are being implemented (see, e. g., Di
Marco et al., 2013; Stroppa and Kresse, 2009); (iii) the
development of methods that would be able to tackle
Anderson-Mott localization phenomena, such as the ap-
pearance of the Coulomb gap in the density of states at
the Fermi level.
In retrospect, striking properties and functionalities
found in DFSs, not only influenced semiconductor and
metal spintronics but, to a large extent, have accounted
for a spread of spintronic research over many other mate-
rials families. Search for novel magnetic semiconductors
has led to the discovery of FeAs-based superconductors,
nucleated the concept of magnetism without magnetic
ions in oxides, and demonstrated a surprising influence
of the Fermi energy upon the position and distribution of
magnetic ions in semiconductors. Research on topologi-
cal aspects of the anomalous Hall effect in bands coupled
by spin-orbit interactions paved the way for uncovering
spin Hall effects and topological matter. It might be,
therefore, expected that studies of magnetically doped
semiconductors, insulators, and organic materials will
continue to bring unanticipated and inspiring discover-
ies in the years to come.
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Appendix A: Micromagnetic theory
As surveyed in this review, the structure and motion of
magnetic domains as well as a number of FMR and time-
resolved magnetooptical experiments on (Ga,Mn)As and
related compounds have demonstrated that the time-
honored micromagnetic theory of ferromagnets applies
to these systems. The use of the continuous medium
approximation inherent to this theory is justified by a
sizable width of domain walls that is much larger than
an average distance between Mn spins. The micromag-
netic theory provides a spatial and temporary evolution
of magnetization in given values of a magnetic field and
spin current. The magnitudes of magnetic anisotropy
fields Hi and exchange stiffness A constitute input pa-
rameters in the static case, whereas in the dynamic situa-
tion the Lande´ factor g and the Gilbert constant αG enter
additionally into theory. For a specific case of current-
induced domain wall motion, non-adiabatic spin torque
βw is one more input parameter. As discussed in Sec. IX,
the magnitudes of these material parameters can be theo-
retically evaluated in a rather straightforward way, which
constitutes a unique aspect of DFSs.
The starting point of the micromagnetic theory is
the Landau-Lifshitz-Gilbert (LLG) equation according to
which the dynamics of the local spin direction ~m = ~M/M
is determined by a competition of a torque, due to an ef-
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fective magnetic field ~Heff and/or an electric current ~j,
with a damping term, characterized by the Gilbert con-
stant αG,
~˙m = −γ ~m× ~Heff−(1−βw ~m×)(~τj ·∇)~m+αG ~m× ~˙m. (A1)
Here γ = gµB/~; ~Heff is given by a variational deriva-
tive, ~Heff(~r) = −δF [ ~M(~r)]/δ ~M(~r); βw describes the mag-
nitude of a non-adiabatic out-of-plane current torque
brought about by the spin-orbit interaction, and ~τj =
gµBPc~j/(2eM), where Pc is the current spin polarization,
and M is localized spin magnetization. Interestingly, by
the Onsager reciprocity relations, not only the spin cur-
rent in the presence of a spin texture ~m = ~m(~r) induces
magnetization dynamics ~m = ~m(t), but also ~m(~r, t) can
generate an electric current (Hals et al., 2009). While
the LLG equation (together with initial conditions) al-
lows to determine ~m(~r, t), its static limit ~˙m = 0 is also
interesting, as it makes it possible to find expected spin
textures ~m(~r) under stationary conditions, i. e., the do-
main structure.
It is seen from the form of the LLG equation that
only contributions to ~Heff, which can have components
perpendicular to ~m, are relevant. These include ex-
ternal and the shape dependent dipolar (demagnetiza-
tion) fields coming from surrounding magnetic moments,
~H + ~Hd[ ~M(~r)], as well as the crystalline anisotropy field
~Ha and the magnetization stiffness,
~Hex = −2A
M
~∇2 ~m. (A2)
This term originates from the free energy change δF as-
sociated with a twisting of ~M(~r). To the lowest order
in the gradient of the magnetization components in an
isotropic medium, it has a general form,
δF = A|~∇~m|2, (A3)
where A is called the exchange stiffness, as its magnitude
scales with the strength of the exchange coupling between
the spins. In the absence of an electric current and damp-
ing, these equations lead to the precession modes (spin
waves) of the form,
~ω(~q) = gµBHo +Dq2, (A4)
where the magnetic field ~Ho determining the spin gap
is an appropriate sum of ~H, ~Hd, and ~Ha, and D =
2gµBA/M , as reviewed elsewhere (Liu and Furdyna,
2006). Boundary conditions as well as additional modes
and spin-wave pinning at surfaces and interfaces in thin
films and other nanostructures will modify this disper-
sion relation. Furthermore, since the precession involves
the system of coupled Mn and hole spins, the apparent
Mn Lande´ factor g will be reduced or enhanced for an-
tiparallel and parallel orientation of corresponding mag-
netizations, respectively (Liu and Furdyna, 2006; S´liwa
and Dietl, 2006), as mentioned in Sec. VII.B.1.
In the static and single domain approximation, for
which ~m is time and position independent, its direction
points along ~Heff and is determined by minimization of
F in respect to spherical angles θ and φ, as discussed in
Sec. III.B for the specific case of (001) and (113) sub-
strates.
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